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REMARKS

This SOIL MECHANICS STUDY MANUAL is intended to make students understand
the basic concepts/ knowledge of soil mechanics through self study or in-class
problem solving. The manual contains several solved as well as guided-to-
solutions problems that are thought to be relevant for the purpose. Students are
therefore recommended and encouraged to go through all the problems

contained in this manual

MECHANICS BEHIND A THREE-PHASE STATE OF A WET SOIL

INTRODUCTION: BASIC CONCEPTS AND EQUATIONS
Normally a sample of soil may exist in two SOLID states only, of either dry or wet
state. When in a wet state, the same soil may exist in two phase states, of either
partially saturated or completely saturated phase states. In our discussion here
we will mainly deal with a wet soil sample under the latter mentioned category of
partial and complete saturation.

Usually, a wet soil sample must necessarily contain also some amount of air. Since

there are normally, pore spaces existing between soil grains technically known as
the voids, they constitute the shelter of air and water molecules in it, so that the
total volume of the soil is a sum of the volume of the voids and that which is
normally occupied by its solid particles

In a situation where the voids contain both air and water, the soil is said to be
partially saturated but when the voids contain water only, it is said to be
completely saturated. In our discussion here, we are going to dedicate our time
resources looking at the mechanics of both a partially as well a completely

saturated wet soil, using what is popularly known as a three-phase soil model



diagram. You may wish to briefly study the following generalized three-phase

model diagram shown below



A GENERALISED THREE-PHASE (SOLID PARTICLES, WATER AND AIR) MODEL OF

SOIL

TOTAL WEIGHT,
w
wW=w, +W,

IR

Volume of air, V ,

Weight of  air,
W,=0

Vo=V, -V,

WATER

Volume of water,
Vw

Weight of water,

Volume
of
voids,
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Volume of Solid, V¢
Weight of Solids W
W =vsVs
Ws = GsyyVs
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GsYw

Vs =

TOTAL VOLUME, V
V=V,+V,
V=V,+V,+V,

Figure 1: Tabular representation of a three-phase state model diagram of a soil:

A detailed generalized case




From the model sketch, we find that the total weight of soil is W = W,, + W
(Weight of air W, = 0) and the total volume is V=V ;+V, =V, +V, +V,;
where;

V. = Volume of soil solids;

I, = Volume of voids which is a combination of volumes of water, V,, and of that
of air V,;

W, = Weight of solids or solid particles in a soil;

G, = Specific gravity of soil solids

¥ = Unit weight of solids

W,, = Weight of water contained within that particular soil specimen;

Yw =Unit weight of water and;

m = Moisture content of the soil

Moreover, in latter sections that follow, you will encounter additional symbols
representing the bulk mass M, mass of solids M, saturated bulk mass Mg,;, mass
of water M,,, moisture content of soil at complete saturation my,; and the

saturated weight W,;; where M = M, + M,,, or Mg, = Mg + M,

WEIGHT-TO-WEIGHT/VOLUME AND VOLUME-TO-VOLUME RELATIONSHIPS OF A
SOIL SPECIMEN WITH TOTAL VOLUME, V AND TOTAL WEIGHT, W

PART A: WEIGHT-TO-WEIGHT/VOLUME RELATIONSHIPS
In a three (3) phase state soil (soil containing solid particles, water and air) state,
the total volume V of a given soil sample can be expressed as

V=V,+V, =V, +V, +V, (1a)



A GENERALISED AND SUMMARISED THREE-PHASE MODEL OF WET
SOIL
wW=w,+W; THREE-PHASE SOIL V=V,+V
AIR
W,=0
Vo=V, —-Vy
w,, v,=V,+V,
WATER
W, =mG,y, Vg
V, =mG,V
SOLID
Ws = GsywVs
W, v = Wi Vv,
=
GsYw

Fig. 2: Tabular representation of a three-phase state model diagram of soil: A

summarized generalized case

Whereas for all cases the volume of air, V, is not zero unless the soil is fully
saturated (i.e. unless all the voids in a soil are filled with water, so that V, = 0);
the weight of air, W, is normally taken to be negligible (i.e. W,= 0) Now, with W,
being zero, the total weight W is always expressed as

(1b)

W=W,+Ww,

Now since W = M g, then it follows from above equation that

M=M,+M,

(1c)




I BASIC RELATIONSHIPS AND DEFINITIONS

@) Mass M and weight W
Mass is defined as the content of matter in an object/ body. The weight of a body
is simply a pull caused by the earth’s pull popularly known as the force of gravity.
Whereas the mass of a particular body is constant everywhere on the earth’s
surface, the weight of the same body may however, vary from one location to
another. This is because weight is normally dependent on the value of the
gravitational force, a pull force towards the centre of the earth which varies with
location on the earth’s surface and this is the phenomenon which explains the
main difference between these two quantities i.e. mass and weight.
Therefore, the relationship existing between mass and weight is

W=Mg (2a)

(ii) The relationship between Bulk Unit Weight, y and Bulk Density, p
Since W = Mg where M is the mass of the soil and g is the acceleration due to

gravity. Now, since y = W /V or simply y = Mg/V; therefore

Mg
V= T (2b)
Similarly p = M /V implying that
V= M (2¢)
p

On equating equations (2b) and (2c) above we get Mg/y = M /p
=y = pg, after we have eliminated V . This indicates that the unit weight y is
simply the product of density and the gravitational acceleration, g

Therefore

Y= pg (2d)



Using these fundamentally defined quantities, we can then define the following
(derived) extra parameters or weight-to-weight/volume quantities namely; the
unit weights (bulk, dry and saturated unit weights), the densities (bulk, dry and
saturated densities), the moisture content and the specific gravity; which is a

ratio between two unit-weights/ two densities

(iii) Bulk Unit Weight, y and Bulk Density, p
The bulk unit weight, y is defined as the ratio of the total weight W of the soil to
its total volume, V. Hence, the bulk unit weight, y is given by the expression
w

Y=+ Ba)

Moreover, the bulk density p is simply the ratio of the total mass M of the soil to

its total volume, V i.e.
M

p=7 (3b)

And from this definition, we can also define the dry unit weight y; , as well the

saturated unit weight, Y54 -

(iv) The Dry Unit Weight, y; and the Dry Density, p;
Also, the dry unit weight is just the ratio of the total dry weight, W ; (weight of
soil without water) to its total volume, V whereas the dry density p, is simply the

ratio of the mass of soil solids M to its total volume, V. Therefore;

W

Ya = (4a)

7;
M
v
We shall later come to deduce that the dry unit weight (and hence the dry

Pa = (4b)

density) can also be expressed by the relationships



Wi
Ya = 7 = GSYWVS = Gst(l - n) (4C)
M
Pa = 7 = GspyVs = Gspw(l - n) (4'd)
where:

n = Soil porosity (to be defined latter in a section that will deal with volume-to-
volume relationships)

pw = Bulk density of water; and the rest of the parameters are as previously
defined

However, it is very important here to note that the expressions appearing in
equations (4c) and (4d) above are specially applied when the total volume is unity
and so that the volume of solids; V; =1 —n. Therefore, for cases where the
volume is not unity, the magnitude of such a volume should be multiplied with
the respective expression used in the calculation. We will be able to clearly see

this when we come to the part of the calculations

(v)  The Saturated Unit Weight, y,; and the Saturated Density, p,:
The saturated unit weight, y,; is the ratio of the total (fully saturated) weight
Wsae, to the total volume V, of the soil when all the voids are filled with water
only, such that the volume of air V, is zero; thatis, V =V, +1V, + 0 since
V,=0,sothatV, =1V,
Similarly the saturated density, pg; is the ratio of the total mass M,,; of the soil
to its total volume V, when all the voids are filled with water only.

The saturated unit weight is therefore expressed by the relationship
 Weae We+W,, We+W,

(5a)

or simply
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Wsat  Gsyvw +eyy,  (Gs+e)yy

Vsat =y =1 e T 1+e (5b)
whereas the saturated density is given by the expression

— Msat — MS + MW — (GS + e)pW (SC)
Psst =y v 1+e
where:

e is the void ratio (also to be defined latter in the later section whose discussion
will be on volume-to-volume relationships)
Note that:
a) Unit weights are related to the weight of the soil whereas the densities are
related to it mass
b) at full saturation; where all the voids in the soil become completely
occupied by water, the model state of the soil is reduced to two phases
only (solid particles and water only) instead of the usual three phases

mentioned earlier

(vi) The Moisture Content, m
This is simply the ratio of the weight of water, W, to the weight of solids W and is
normally expressed as a percentage (%)
Therefore m is normally expressed as:

w

m= x100% (6a)

S

w

m= x100% (6b)

S

At this point, equations (3a), and (4a), (4b) /or (3b) and (4c) (4d) can be combined
to arrive at a relationships

) 4
14+m

Yy=va(d+m)or y, = (6¢)
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and

p
1+m

p=ps(l+m)orpy = (6d)

Note: At this point, you must be able to derive these two expressions by simply
eliminating the quantities W, M Wy, Mgand W,,, M,,
However, the following is one of the several alternative procedures to arrive at

one of them. Given that

w W W,
y=7, ydzvandmzws
Wt W, Wt W, va(Ws +W,)
Ty W W,
Ya

Therefore by dividing by W, throughout we get

Wy
V:Vd(1+W):V:Vd(1+m)
S

since the ratio W, /W, is simply the expression for the moisture content, m
Likewise, the following additional expressions may be derived in a similar fashion
by directly substituting y=W/V; y; =W,/V in equation (6¢c) and p =
M/V; ps = M, /V in equation (6d)

w
W=Ws(1+m)orWs=1+m (61)

M
M=MS(1+m)orMS=1+—m (68)

Hint: From p=M/V and p; = My/V = p/p; = M/M,. Also; from equation
(6d) above p/pg =1+ m = M; = M/(1 + m).

A similar procedure an be applied by substituting the quantities y = W /V and
yq = W,/V in their respective equation above, to yield the relationship

W =W,(1+m)

12



In our latter discussions, we will also be able to show that, for a partially

saturation case

_+mGy, W (GoteS)y, _W 60)
1+e Vv 1+e % g

_Q+m)6p, M or o= (Gs +eSr)pw _ M (6h)
1+e |4 p 1+e | 4

For cases of dry soils when the saturation is zero, the following corresponding

equations will be deduced

GSYW WS e
Yd—1+e—7 or; (60)
GSpW MS -
Pi=1T e~ 7 (6))
and for fully (complete) saturated cases;
— (Gs + e))/w or — (1 + msath)yw (6k)
ysat 1 + e ysat 1 +msatGS
_ (G5 +e)p,, (1 +my:Gs)py /
=g e O P T T n G (60
sa S

where S, is the degree of saturation (the extent to which the voids are filled with
water, instead of air), mg,; is the moisture content at complete saturation and
p,, is the density of pure water= 1000kg /m?3

However, it is very important to note here that the values of y; and pg4 remain
unchanged even under saturated conditions because the amount/physical

presence of solid soil particles in the soil cannot be affected by the addition of

water in it

(vii) The Specific Gravity, G
This is simply a ratio of the unit weight of soil solids, Y, to the unit weight of

water y,, or a ratio of the density of soil solids, p to the density of water p,, i.e.

13



G. = — 7a

= (7a)
Ps

G. = — 7b

. (7b)

(viii) PART A: SUMMARY
So you will notice that with the exception of the specific gravity G, the moisture
content m involves a weight-to -weight relationships whereas the rest of all other
guantities, each involve a weight-to-volume relationship. Please try to observe
the stated fact below:

e The bulk unit weight, (a weight-to-volume relationship);

W
Y=y
_Ws+w,
Y=% 1v,
¢ The dry unit weight (a weight-to-volume relationship);

Ya=y 1y

¢ The saturated unit weight (a weight-to-volume relationship)

_ Wsar
Vsat = Vv
w,+Ww,

V,+V,

Vsat =

¢ The moisture content, (a weight-to-weight relationship)

e The specific gravity. which is simply a ratio of the unit weight (or
density) of the soil to the unit weight ((or density) of water i.e.

14



_Ys _Ps

G
* Yw  Pw

a ratio between two unit weights

PART B: VOLUME-TO-VOLUME RELATIONSHIPS

I BASIC RELATIONSHIPS AND DEFINITIONS
Apart from the quantities discussed above, there are also basic volume-to-volume
relationships in Soil Mechanics. These are the void ratio e, the porosity n, and the

degree of saturation, S,

(ix) The Void Ratio, e
The void ratio is defined as the ratio of the volume of voids (space occupied by
water and air in the soil), 1, to the volume of solids (space occupied solids in the
soil) V; and is given by the expression

Vy

e=—
Vs

(9)

(x) The Porosity, n
The porosity is the ratio of the volume of voids V, to the total volume V, of the

soil and is given by the expression

n= v (10a)

As in the previous case of the relationship between y, y; and m, it can also be

shown (by eliminating V, V,,, and I ) that:

e=%;OSn<1 (10b)
Or

e
n=1—+e ;0<n<1 (10¢)

15



Note that equation (10c) above indicates that

(a) when n=0.5 e =1and using equation (9) e =V,/V; we find that
V. = V, This suggests that in any given volume of a soil sample, when
the porosity is 50% the volume of solids is equal to the volume of voids,
thereby making the void ratio equal to 1.

Moreover, you will also notice that equations (10b) and (10c) above which define
the relationship between the two quantities (i.e. porosity and void ratio) don’t
anymore depend on the volume of the soil. However, it is important again to
note here that they (both) separately, each depend on the volume of the soil.

(b) Likewise equation (10b) suggests that the denominator 1 —n is zero
when n = 1 and hence, the void ratio e becomes undefined at this value
of n. This indicates therefore that, it is practically impossible to have
such a value of e. because of the factthat 0 < n < 1

In summary therefore, in any given volume of a soil , it impossible to have a value
of porosity equal to 1 or 100% because this would make it not the soil again but
rather some sort of air/water or a mixture of both without any solid soil particles.
This is outright ridiculous since it is practically impossible to have a soil containing
water and/air only or their mixture, but without any solid (soil) particles. A value
of n = 1 would therefore suggests that the porosity (amount of pore spaces in
the soil) is 100% which is practically nonsense, with respect to any given volume
of a soil!

(c)  With regard to the relationships involving the void ratio e = V,,/V;; when
the volume of solids V; =1 then e = V,, meaning that when the
volume of solids is unity (one) then the void ratio is equal to the
volume of solids. Moreover, the ratio n = e¢/(1 + e) is always a value

greater than zero since e > 0. Now when I, =1 then I, = e and as

16



per the details in (iii) above, the total volume is then V = 1 + 1, so that

I is greater than 1 in this particular casei.e.V=1+e > 1

The above situation be related in the following mathematical way
if Ve=1 when V=1+e¢;
then;
whatis Vg =? when V =17
Cross multiplication resulting from the above query will give you the value of the

volume of solids as
v 1x1 v 1
= - =
S 1+4e S 1+4e

Therefore, V; = e/(1 + e) when V = 1. This set of a relationship does not explain

two different situations but rather, the relationship is a two-in one relationship
explainer insisting that the scenarioV; =1 ,V, =e and V =1 + e is equivalent
to or same as the scenario ,V;=1/(1+e)=1—n,V, =¢e/(1+e)=n and
V=1

Now, refer to information presented in the table above (a generalized and
summarized three-phase model of wet soil fig.2) to be used together with an
illustration table presented below in figure 3

From the above figure, it has already been shown that W, = mG,y,, V; or
M,, = mGsp,,V; and W, = Gy, V; or Mg = Ggp,,V;. Therefore for a certain
volume V of soil the bulk density will be given by the expression

MMy M (1 +m)GopyV,
Pev="v = G

Now let us consider two cases basing on the recent information provided above:

Case1: I, = 1when V =1 + e,which indicates that

17



_ (L mGpu Y _ (14 m)Gopyx(1)

%4 B 1+e
_ @ +m)Gpy,
1+e
Case2:V; =1/(1+ e)when V =1, therefore

1
A+ m)Gspy Vs A+ mM)Gspy (—1 T e) (1 +m)Gspy,
B Vv B 1  1+4e

which gives an expression exactly the same as in the first case

Now, combining the above relationships with the relationship S,.e = mG; we get
_ (Gs + Sre)pw
1+e

Finally the expressions for the bulk unit weight for both of these cases follow

directly as:

_ (1 +m)Ggy,y
1+e

_ (Gs + Sre)vy
1+e

and if expressed in terms of the quantities n and/ S,., we find that

ns, ns,
(G +1 n)y"" (1- n)(G +1 n)y
Y = 1 - (1 - n)(Gs + nSr)yw
1+ —n+n

1—n

so that
= (1 - n)(Gs + nSr)yw = (1 - Tl)(l + m)Gsyw

Similarly;

p =1 —-n)(Gs +nS;)py = (1 —n)(1 +m)G,py,

18



V=1 V=1+e Remarks
1
" 1-n
V 1 —{_p 1 Whether V=1 or V=1+e¢;
1+e the values of the void ratio and
Vv e _ _ n
1+e n €= 1—n the porosity remain unaffected,
Void Ratio e = n o — n i.e., they are independent of
1-— 1-—
v, n n the magnitude or the value of
Vs V.However, V; and V,, take on
: e e
Pororsity 1+ e =n 1+e =n different values in each of
Vs
=V these cases i.e. both the
quantities V; and V, are
dependent on the magnitude
or the value of V since
Ve+V,=V
Density (A +m)Gsp,V, In both cases, the expressions
p= M 4 (and not the values) for the
- (1+m)G
v = 1T est = (1 —=n)(1 + m)Gspy, | (bulk) density p and the (bulk)
G. + eS unit weight y are independent
= ( : r)Pw = (1 - n)(Gs + nSr)pw
1+e of the magnitude or the value
Unit weight _ (1 +m)G,y Vs of V i.e. these expressions
w 4 . . .
y = 7 (1 +m)G.y, remain the same irrespective of
SIrw
=—77. -~ A=mA+M0CsVw | the magnitude or the value of
(Gs + eS,)y, V
= 51+e7‘ 2 = (1_n)(Gs+nSr)yw
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Fig. 3: Tabular representation of fundamental quantities and their derived

relationships

Therefore we observe three important things here that:

(i)
(i)

(iii)

whenV, =1,then V =1+ e and hence, p = Gspy, (1 +m)/(1+e)
when V =1, then V;=1/(1+e) and the expression for the bulk
density p = Gsp (1 + m)/(1 + e) as before

from (i) and (ii) above, we note that whetherV; =1 orV; =1/(1+ e),
the expressions for finding the values of the densities and hence, the
values of the unit weights, remain identical in both cases, with respect
to the quantity in consideration. This is because as previously seen,
both of these cases just represent the same situation but with changing
ratios within the entire volume of voids, (i.e. is a trade-off of air and
water in the volume of voids) Note also with great care that here, it is
not the values of the densities (or nit weights) that are identical, but
rather, the expressions/ the relationships for finding such values of the

stated quantities

The three points stated here are very helpful when calculating the component

volumes V, and V}, for any volume of the soil that is not unity (i.e. when the

volume of the soil is different from 1 metric unit such that V' =V, + I/,#1 so that

eitherV =V, +V, <lorV =V +V,>1).

The most important thing that must be clearly understood well here is that for

any volume of the soil that is not unity, V; and V, will take on values different

from those taken when the volume of the soil is unity.

Moreover, the expressions for finding the densities (or unit weights) are the same

or identical irrespective of the case being considered, since their mathematical

meaning is that the density (or unit weight) of soil is a certain given value of mass

20



in kg (or weight in kN), in every one cubic meter. So from the nature of their
definitions, their expressions for finding these quantities will never get affected
by the situation of having a volume of soil that is not unity. You will be able to
clearly observe this when you get to the calculations sections (You must be able
to observe this scenario in examples numbers 7, 8, 9, 10, 11 and 12 in the
calculations section below)
(d) in the porosity relationship, n = V,,/V; when the total volume is unity
i.e. V. =1 then the porosity is simply equal to the volume of the voids
i,e.n =1V, whenV = 1. Now with V =V, +V,, = 1 where V, = n; then
the volume of solids becomes V; = 1 — n in this latter case.
In summary therefore::
When V, =1, then V=1+e=1/(1—n) which is the same as saying
Ve=1/(1+e)=1—n when V =1; according to point (i) above.
Mathematically, you can handle the above explained situation as follows:
if Vy=1when V=1+e¢;
then;
whatis Vg =? when V = 1?
Cross multiplication will give you a value V; = 1/(1 + e) = 1 — n after which the
expressions of both V and V; in terms of n are obtained by replacing e by the

expressione =n/(1—n)

(xi) The degree of Saturation, S,
This is the ratio of the volume of water V,, to the volume of voids V,, and is given by

the expression

Sy =— (11)

21



This ratio gives an indication of what fraction of the voids constitutes water and it
should not be confused with the moisture content, which is the proportion of the
amount/weight of water in a given mass of a soil.

[Note here therefore that the moisture content is not the same as the amount of
water or the weight of water in the soil].

In other words, the degree of saturation in any given volume of a soil, is a trade-
off between the volume fraction of the voids that is filled with water and that
which is filled with air. In fact, we are going to show that A, + S, = 1 where A4, is

the air voids ratio i.e. the ratio of the volume of air to the volume of voids.

In @ more precise way, the ratio S, states also the fact that at full saturation (i.e.
when all the voids are filled with water, S, = 1 and hence V,, =V,,), indicating
that the volume of water contained by the soil when at its full saturation point is
exactly equal to the volume of voids, since the volume of air becomes zero at
that point

This fact will also be discussed in detail using a two-phase state (not three-phase
state) soil model/ diagram. Therefore at full saturation, only water and solid soil
particles are available in the soil under consideration.

Note however that for a completely dry soil, W,, =0= 1, =0;m =0 and

hence §,. = 0.

(xii) The air voids ratio, 4,, and the air content (percentage air voids) N,
and the relationship between 4, and §,.
The air voids ratio is the ratio of the volume of air I/, to the total volume of voids,

V,i.e.
A, =— (12a)

22



whereas air content N, is the ratio of the volume of air V, to the total volume V

of the soil i.e.
N, =— (12b)

Now, from equations (11) above we have S, = V,,/V,, and since n = V,,/V, which

implies that S, = V,,,/n whenV = 1 then

Vi
v - ns, (12c¢)
Similarly; V, =V, =V, =>n—nS, =n(1-3S5,)
Va
2 n(1-s:s,) (124d)
Finally, the air voids ratio will be given by the expression
4 =E=n(1—5r)
V, n
A,=1-8,0or4,+S5,=1 (12e)
Similarly, the percentage air voids (or air content) is given by the expression
Vo Vo
N = — = —
O VA |
n(l1-3S5,)
R
Therefore
No=n(1-5,);0<S,<1 (12f)
Example 1:

A water content (moisture content) test was made on a sample of silty clay. The
weight of the wet soil plus container was 17.53 g, and the weight of the dry soil
plus container was 14.84 g. Weight of the empty container was 7.84 g. Calculate

the water content of the sample.
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Solution:

MOISTURE CONTENT DETERMINATION EXPERIMENT

Weight of container + wet soil (g) 17.53 (A)
Weight of container + dry soil (g) 14.84 (B)
Weight of empty container (g) 7.84 (C)
Weight of wet soil (g)= A-C 9.69 (D)
Weight of dry soil (g)= B-C 7.0 (E)
Weight of water (g)= D-E 2.69 (F)
Moisture content, m = [(D — E) /(B — C)]x100% 38.43%
E
m = (f) x100

Example 2:

Differentiate between the following terms as applied to soil mechanics
(i) Mass M and weight W
(ii) Moisture/ water content, m and degree of saturation, S,
(iii) Bulk density, p, and bulk unit weight, y
(iv) Dry density, p4 and dry unit weight, y4
(v)  Volume of solids Vg and volume of voids V,
(vi) Porosity, n and void ratio e
(vii) Percentage air voids N, (air content) and the air voids ratio A,

(viii) Partial saturation and complete saturation of soil

Example 3:

Plot a grain size distribution curve and determine the soil texture for the

following soil sieve analysis data.
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Example 4:

Plot a grain size distribution curve and determine the soil texture for the

Diameter Percentage
(mm) passing
32.00 100

16 .00 100
8.00 100
4.00 98

2.00 95

1.00 80
0.500 60

0.25 42
0.125 35
0.063 30

following soil sieve analysis data.

Diameter | Percentage
(mm) passing
32.00 100

16 .00 100
8.00 100
4.00 95

2.00 92

1.00 80
0.500 70

0.25 65
0.125 40
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0.063 20

Example 5:

A soil sample has a porosity of 41%, moisture content of 15.2% and specific
gravity of 2.65. Determine the degree of saturation, the void ratio, the

percentage air voids and the air voids ratio

Given:
n=41%
m = 15.2%
Gg = 2.65
S, =?

e =7

N, =?

A, =?

e The degree of saturation

maGg

S, = p

Since we are given the porosity, then

mG.(1—n
5, = Ml =

after we have replaced e with the expression that relates it to the porosity n

Therefore

s _ 0.152x2.65(1 — 0.41)  0.4028(0.59)
T 0.41 B 0.41 B

S, = 58%

0.58

e The void ratio
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n

e=1—n

041 041
©=1"041 059 6%

e = 0.695

® The air void ratio, A,,

To get the air voids ratio, we first need to find the volume of air I/,
Obvious this is a partial saturation case since some amount of air is still available
in the soil. The volume of air is given by the expression

V,=V,—V, =n—mGs(1 —n)

where
V,=n
and
W, = mGs(1 —n)
Therefore

V,=n—-—mG,(1—n)
V, =0.41 — (0.152x2.65)x(1 — 0.41) = 0.41 — (0.4028x0.59)
V,=0.410-0.238=10.172
V,=0.172 cubic units

Since V, = 0.172 cubic units and the total volume being not stated in the
question, it should be taken as V =1 cubic unit, then the air content

(percentage air ) N, is

V
Na=Ta=Va
N,=0.172

Again, since for partial saturation V,, = n, then the air voids ratio in this case is
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A = Va  0.172 cubic units
"V, 0.410 cubic units
A, =0.42
Alternatively:
- - e maGy
e W T 14+e 1+4e
- e —mG;
27 1+4e
where
- e
v 1+4e
and
maGg
V. =
Y 1+4e
Therefore
_e— maG; B 0.695 — (0.152x2.65) B 0.695 — (0.4028) B 0.2922
T 14+e 1+ 0.695 B 1.695 ~ 1.695
V,=0.172
Therefore, again
0.1
N, = =0.172

and similarly

0.172 cubic units B
0.410 cubic units

A, =0.42

Va
A, =—=
YR

as previously found

(xiii) The relationship existing among unit weights, void ratio e, moisture

content m, degree of saturation §,. and specific gravity G
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Recall from equation (7a) above that G = Y/, as well as from the relationships
V,=W,/vw and S,=V,/V, So that V, =W,/y, =S,V,. By using this
relationship, we therefore deduce that

w, maGgy,, Vs

V. ==—2" > _9gy 13a
yw r'v yw r'v ( )

Recall also that m = W,,/W, Now, with W, =Wy, and y, = G),, so that
Ws = Vsvs = Gsvw Vs
= W, = mW, = mGy, V;. WithV; =1 and V,, = e; we get
mGsYw
Yw

=SV, = mGg = S,e

Therefore
mG; = S,e (13b)
A similar expression mGg = S,e is obtained by substituting 1, = 1/(1 + e) and

V, =e/(1+e) in equation (13a) above and in that case, the same equation

reduces to:

meGg S,.e

1+e 1+e = mGg = S,e (13b)

This equation indicates also that, at full saturation when S,. = 1
mG; =e (13¢)

This equation reveals the fact that when the soil is at its full saturation point, the
void ratio can be obtained by simply taking the product of the moisture content

m and the specific gravity; irrespective of the value of V or of V¢

Il. PART B: SUMMARY
All of the three quantities (void ratio, porosity and degree of saturation) discussed
under this section/ part obey a volume-to-volume rule relationship. You may wish
to revise them here below:

¢ Void Ratio (a volume-to-volume relationship)
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Air Content (Percentage Air Content) (a volume-to-volume relationship);
vV
Ny=—

N,=V,whenV =1
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A GENERALISED AND SUMMARISED THREE-PHASE MODEL OF SOIL

wW=w, +W,

THREE-PHASE SOIL

V=V,+V,

IR

Vo=V, +V,

V. =
* GsYw

Figure 4: Summarized phase state model diagram
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11 GENERAL
RELATIONSHIPS

SUMMARY

TABLE:

WEIGHT-TO-VOLUME/WEIGHT

WEIGHT-TO-VOLUME/WEIGHT RELATIONSHIPS OTHER
RATIO(S)
Dry unit | Saturated unit | Moisture Specific
Bulk unit weight
weight weight content Gravity
_w _w Wear | m= | g =L
Y—V Yd_v Vsat = % Ws Yw
VOLUME-TO-VOLUME RELATIONSHIPS OTHER
RATIO(S)
Degree of | Air content/
Void ratio Porosity
Saturation air voids ratio
%4 V.
S, == N,=—=
b v, v, v
= — n=—
Vs v P
T,

FUNDAMENTAL RELATIONSHIPS

Total weight Total volume
V="V+V
=+,
w=Ww,+W,
+V,
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IV MAIN SUMMARY OF THE RELATIONSHIPS IN THE TOPIC:
Total volume of the soil of the soil is

V=V,+V,+V,

V=V,+V,

v, =V, +V,

Total weight W of the soil is

w=w,+W,,; W, =0

W =Mg

Ws = Gsyw Vs

W, = mGgy,, Vs, for a PARTIAL SATURATION case

For a COMLPLETE SATURATION case the weight of water W, is given by
e
Wy =nyy = (1—+e) Yw

The total mass M is given by the expression:
M=M,+M,; M; =0

GsYwVs
g
_ mGKy Vs
w = T
For a COMLPLETE SATURATION case, the mass of water M, is given by the

S

expression

nyw ( e ))/_W

M. = =
w g 1+e/ g

The moisture content m is given by the expression:

W, M,
m= nglOO% orm = ExlOO%
The voids ratio e is given by the expression:
e_%
Vs
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The porosity n is given by the expression:

R
"=y
=" >0
e_l—n
e
n= ;0<n<1
1+e

Now since V =V, + Vj,; suppose the value of V =1, then;
V. =1-=1V,orV, =1—1V, and therefore from the definitions of e and n above.

V,=nandV, =1—nor;

= —° andv = —
v M T,
Vi
S, =—
T,
V
Na=7“
V,=n(1-S5,)
N,=n(1-S5,)
Va
A, =—
Y,
A,=1-S5,
M
V=—
p
Also;
w M M
v _29_12
Y Y p
Therefore
Y = pg
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w 1 +m)Gsyw (G5 +eS)vw
Y_V—(l'l'm)(l_n)(;syw_ 1+e - 1+e ;O<Sr<1
M (1+m)Gspy,  (Gs + eSypw
p—v—(1+m)(1—n)6‘spw— Tre - 13, 0<S <1
=Wsat= M/S+WW=[(n+(1_n)GS]YW =(Gs+e)pw_5 —1
Vsat =7y V. +V, 1+e 1+e 77
=Msat =MS+MW — [(n+(1_n)Gs]pw _ (Gs'l'e)pw_ S =1
Psat =y V., +V, 1+e 1+e ' °7
W (Gs +eSp)vw  GsYw
MS (GS + eST')pW GSpW
y=va(l+m) ory,=—
1+m
w
W =W;(1+m) orWS=1+m
p=pa(l+m)=orpy ="
1+m

M = M;,(1+m) 01‘M5=1+m
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WORKED EXAMPLES/ EXAMPLE CALCULATIONS
[Note: the value of the acceleration due to gravity used in almost all the
calculations is g = 10m/s%. However, do not get confused wherever you may

find the used value as being g = 9.81m/s?]

Example 6:

1. Differentiate between the following terms as applied to soil mechanics
(i) Mass M and weight W

(ii) Moisture/ water content, m and degree of saturation, S,

(iii) Bulk density, p, and bulk unit weight, y

(iv) Drydensity, pq and dry unit weight, y4

(v) Volume of solids Vg and volume of voids V,,
(vi) Porosity, n and void ratio e
(vii) Air content N, and the air voids ratio A,

(viii) Partial saturation and complete saturation of soil

Example 7:

A soil sample has a weight of 0.70 kg and its volume was found to be 3.5 10 m3.
After oven drying, the weight was reduced to 0.60 kg. If its particle specific

gravity was found to be 2.60; determine the following for this particular sample

of the soil:
(i) Moisture content, m
(ii) Bulk density, p and hence the bulk unit weight, y

(iii) Dry density, pgand hence the dry unit weight, y4

(iv) Volume of solids V;, volume of voids V, the void ratio e and hence

the porosity, n
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(v) The volume of water, V,,and hence the degree of saturation, S,
(vi) The volume of air V, , the air content N, and hence the air voids

ratio A,

SOLUTION:

Given:

V =3.5x10"*m3

M =0.70 kg

M, = 0.60 kg

G; = 2.60

[Note that this is a problem presented where V = 3.5x10"*m3 # 1m3, that is
V =V, +V, # 1 and this situation therefore, gives us an opportunity to verify the
explanations presented in the previously sections, when trying to find the value
of Vs]

@) The moisture content, m
Wy
=|(—)x1009
m (WS ) *100%

_(Mg—Msg
m = _—

x100%
Mg )

After cancelling out the gravitational acceleration g, we arrive at the expression
M — M
m = (—) x100
M;
And on substituting in the respective values, we get

- ( 0.70 — 0.60) 100
m= 060 /)~

m = 0.167x100% = 16.7%

Therefore
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m=16.7%
Note that in other words, m can be expressed as

B Weight of water Wy
™= Total dryweight (weight of solids) W,

Mass of water M,

m= Total dry mass (mass of solids) - M

(ii) The bulk density, p and bulk unit weight, y

The bulk density, p
M
"V
0.70kg _
P = 35x10 tms ~ 2000kgm™
p =2000kgm3
The bulk unit weight, y
W Mg
VY ST

By taking g = 10ms 2

_ 0.70kgx10kgms ™2
Y = T 3510 m3
y =20.0kNm™3

= 20000Nm™3

Alternatively;
Y =P9g
p = 2000kgm™3
and

g =10ms™2
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Therefore y = 2000kgm—3x9.81ms~2 = 20000Nm 3
Hence
y = 20.0kNm™3
as found in our recent previous calculations. The S/ units of unit weight (the
weight/force acting per unit volume of a soil) is newtons or (kilo-newtons) per

cubic meter, and hence the origin of its name unit weight

(iii) The dry density, p; and the dry unit weight, y4

The dry density, p,

M;
Pa = A
_ 060kg B
Pd = 35x10-*m3 — 1714.0kgm

pq=1714.3kgm3

Alternatively, we can calculate the value of p; by using the relationship

p=pa(l+m)
since at this point both m and p are known
Therefore
__P
Pa 1+m
_ 2000 _ 1714.0kgm™3
Pa=T¥ 0167 /I
pq = 1714.0kgm 3
The dry unit weight, y 4
Ya = Pad

g = 10ms—2

Therefore

Yq = 1714.3kgm3x10ms 2
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Note that in other words

mass x acceleration Force in newtons

Va volume volume in cubic meter

Yq = 1714.3kgm~3x9.81ms 2
Ya = 17143kgm™2s™2
or simply (with regard to the note above)
Ya = 17143Nm™3

Therefore

Yq = 17.14kNm™3

Alternatively the value of y; could be calculated directly from the relationship

Ws

dev

where W, = M,g which also gives the same result for y4 = 17.14kNm™3 with

an answer being consistent with the previous above cases

Again, y4 can be calculated from the relationship

2 20000Nm =3

14+4m  1+40.167
Yq= 17.14kNm™3

= 17.14kNm3

Ya

an answer which is again, consistency with the above two calculation procedures!

(iv) The volume of solids V¢ , the volume of voids V,,, the void ratio e

and the porosity n

The volume of solids V

We need to find first the value of the void ratio e from the relationship
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= = -1
T 1+e Ya
or from
_Gshw
Pad
whichever relationship is easier for you.
G 2.60x1000kgm™3 2600.0
e =W _q_ g_ —1= —1=0.517
Pd 1714.3kgm™=3 1714.3
e =0.517
Then
v V-V
e —_ ——
Vs Vs
3.5x107*m3 -V,
= 7 = 0.517 = 3.5x107*m3 = 1.517V;
S
= 350 stx10-tm3
=V, = = 2.
s 1517 eEem
Therefore

V, =2.31x10"*m3

Alternative way 1:

By definition;

e =

o~ S

Since (as per the information given from the question itself) both V; and Vj,are
unknown, we need to calculate first I, after which we shall then be able to get the

value its counterpart V,, ; since the total volume is known. So we have

Also,



Vs = UsYw
So that
W

V. =
* GsYw

Therefore

v W, 060
S Gy, 2.60x1000

V, =2.31x10"*m?3

Alternative way 2:

if V=1 whenV=1+e
Then;
whatis Vi =? when V = 3.5x10 4m3

By cross multiplying, we get

_ 3.5x107*x1
ST 1+4e
From the above previous section, e = 0.517. Therefore
V= 3.5x107*x1 2 31010~
sT T 1517 oM

V, = 2.31x10"*m3

The volume of voids V ,,

Now, since the total volume V = 3.50x10"*m?3 then the volume of voids V, is
simply the difference V —V, = V,, = 1.19x10*m3

Note that you can also find the volume of voids using same, similar approach; as

that which was used in finding 1, that is;

. e
1fV,,=n=1—+e when V=1

then

whatis V,, =? when V = 3.5x10"*m3
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- e
V= 3.5x107*x 757 3.5x10 *xe 3.5x107*x0.517 _ 1.80.95x10~*
v 1 - 1+e 1517 1517

= 1.19x10"*m?3
V, = 1.19x10~*m3

The void ratio e

ety
Vs
Therefore
. V,  1.19x107*m?
V.~ 2.31x10~*m3
e =0.515
Or
G 2.60x1000kgm™3 2600.0
€= ;ZW T 1714.3kgr€z‘3 1= 150517
e=0.517
The porosity n
-
|74
. 1.19x10*m3 _ 034
3.50x10~*m3
n=0.34
Alternatively:
e 0.515  0.515

"= 1¥e 1+0515 1515

Therefore the porosity isn = 0.34
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Hence from the calculations above, we find that VS=2.31x10‘4m3,

V, =1.19x10"*m3, e = 0.515 and n = 0.34

The volume of water, V,, and degree of saturation S,

The volume of water, V,,

Yw

_(0.70 — 0.60)kg

w

W= o00kgms  ~ LOx10TIm’
V,, = 1.0x10"*m3
The degree of saturation S,

Vv

Sy =—

"W

1.0x10~*m3 .
Sy = 119210 —m3 — 0.84x100%
S, =84%

Alternatively:
mGs;  0.167x2.60 0.167x2.60

S, = = = = 0.84
r e 0.515 0.515
S, =84%
(V) The volume of air V, the air content N,, and hence the air voids
ratio4,,

SinceV, =1, + V, thenV, =1, =V,

Now, with V, = 1.19x10~*m3; the volume of air is therefore

V, = 1.19x107*m3 — 1.0x10~*m3 = 0.19x10~*m3 so that
V,=0.19x10"*m3
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Hence the percentage air voids is,

y. = Ve QA0 mS o = 0.054x100%
@ T Y T 350x10-4m3 0T TURRARTUA

N, =0.054 0r 5.40%

Finally, the air voids ratio 4, is simply the radio of the volume of air V, to the
total volume of voids, V,, so that

v, 0.19x10~*m3
, === =016
V7, 1.19x10"%m3

Hence, the air voids ratio is
A, =0.16 or 16%

Alternatively:

A,=1-S5,
A, = 1.00 — 0.84
A,=0.16

Example 8:

The previous problem in (2) above reveals a typical case of a partially

saturated/unsaturated soil, whose moisture content is 16.7% and a degree of

saturation of 84%.
How would the values of ALL the quantities calculated in (2) be if some amount

of water were added to the soil so as to make it COMPLETELY SATURATED?

SOLUTIONS

(i) Mass of water M'"',,, to be added for complete saturation
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As previously seen, the necessary condition for complete saturation is that the
volume of air must be zero (i.e. V; = 0 ) implying that the volume of water alone
should equal the volume of voids (i.e. V, = 1,,)
Now, from problem (1) above, the volume of voids was found to be
V, = 1.19x10"*m3
However, at complete saturation, this becomes the volume of water (since the
volume of air is zero) so that
V, = 1.19x10"*m3
Therefore the new value of mass of water M’ ,in the soil becomes
M',, =V, pw
M, = 1.19x10"*x1000
M', = 0.119g
Originally (at an unsaturated condition), the mass of water was
M, = 0.70 — 0.60 = 0.100kg
M, = 0.100kg
The mass of water to be added in order to make the soil become completely
saturated is
mM",=M,—-M,
M", =0.119 — 0.100
M", = 0.019kg
Therefore the mass of water required to be added for complete saturation of the
soil is

M", =0.019kg

The new value of moisture content m’ at complete saturation
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Total weight of water — M",, + M,,

Mgt =

Weight of solids M
M, 0119 0.198
Msat =y "= 060

Therefore moisture content at complete saturation is

mg,; = 19.81%

Alternatively, at complete saturation

€= msat,Gs
So we could find m’using the relationship
e
Mgat = =
S

since S, =1

= (0'515> 100% = (0'515) 100% = 19.81%
Msat =\ 60 ) ¥ 70T \ 260 ) ¥ 0T 270070

Therefore, again
mg,; = 19.81%

as previously found

Moreover, a pure Mathematician (not an Engineer or a Geologist) could have
approached this problem in the following purely mathematical way, by just
looking at the relationships between the degrees of saturation S,'s and moisture
contents m's and still, arrive at the same solution in consistency with the above
ones, as follows:

m=16.7% S, =84%

Mgy =7 S, =100%
Meaning that
ifm=16.7% when S, =84%
then, what is mg,,;; when S, = 100%?
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By cross multiplication, the unknown m is simply

16.7x100
Mqe = —g— = 19.88%

mg,; = 19.88%
The minor difference between this solution and the former ones being attributed

for by rounding-off mathematical procedures!
At complete saturation however, V;, = 0 since all the voids are filled with water
The following expressions for each of the stated quantity below, were deduced

forV =1

The SATURATED( bulk) unit weight, v ,;

Ws + W,
Ysat :T

Where
Wy = (1 —n)Gsyw = (1 —n)Gspy g;
Wy = nyw = npw g;
But you must note that W, = (1 —n)G,y,, when V =1 but in our current
situation, V = 3.50x10~*m3 and not 1. Therefore in this case

W, = 3.50x107*(1 — n)G,y,,

Similarly,
W, = 3.50x10 *x(ny,, )
and as usual
V =3.50x10"*m3 withV, =0
Therefore

_ Gsyw (1 - Tl) + nyw
)/Sat - V
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[Gs(1 - Tl) + Tl]]/w

Vsat = %
_ [Gs(1 - Tl) + n]pw g
ysat - V

_ [(2.60(1 — n) + n)x1000kg/m3x10m/s*]x3.50x10~*m>
Vsat = 3.50x10"4m3

Since this expression for y,; is a ratio, it finally simplifies to

Ysat = [2.60(1 —n) + n]x1000kg/m3x10m/s?; an expression similar to the

one for whichV =1

Note that in all cases where the total volume V becomes involved in the
calculations, its value will always cancel out but only in those cases where the
expression involved in a relationship is a ratio, as in the above case of Y ,;

At complete saturation however,

v, =V, =1.19x10"*m3

so that
- V_W B 1.19x10*m3
V  3.50x107*m3
n = 0.34
Therefore

Ysat = [2.60(1 — 0.34) + 0.34]x1000kg/m3x(10m/s?)
= [2.60(0.66) + 0.34]x1000kg/m3x(10m/s?)
Ysat = [1.716 + 0.34]x1000kg/m3x(10m/s?)
= 1.750x1000kg/m3x(10m/s?) = 17500N /m?3
Ysar = 17.50kN /m3
Now the SATURATED bulk density, ps,; could easily be calculated using the
relationship Y4t = Psarg SO that

17500N /m3

psat = 10m/52
49
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Psat = 1750kg/m?

The dry unit weight, y ; and the dry density p 4

W
Ya = vV
3.50x107%(1 — n) GyYyy
Ya = 3.50x10-*

Ya = (1 —n)Gsyy
Ya =1 —n)Gspy g
Ya = (1 —0.34)x2.60x1000x10kg/m? = (0.66)x2.60x1000x10kg/m?>
Ya = (0.66)x2.60x1000x10kg/m3 = 17160N /m?
Ya = 17.16kN/m3

and therefore it follows that

pqg = 1716kg/m3

Volume of solids V ; , volume of voids V,, the void ratio e and hence the porosity,

n
Until now, we have deduced under this SATURATED case that 1, =V,, =
1.19x10~*m3s0 that V,is supposed to be zero

Moreover it has been found that the ratio (the porosity)

—Vv—034
TL—V— .

So we can now find the volume of solids (and hence the new void ratio), as
follows
i=V-1
V. = (3.50 — 1.19)x10~*m?3 = 2.31x10"*m?3
V, =2.31x10"*m?3
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Note that V; still maintains its former value of V, = 2.31x10~*m3 and hence its
volume is completely unaffected under complete saturation situations and so is
the void ratio e. In fact, the total value of the volume of voids V, is the one which
also remains unaffected. What actually happens within the entire volume of the
soil, is only a trade-off of values between the volumes of water and that of air, in
such a way that the volume lost by air is wholly gained by that of water and hence
the volume of voids always remains constant, with the volume of solids being left
completely unaffected
Therefore
V,=V, =1.19x10"*m3
V, =2.31x10"*m?3

n=0.34

e =10.515
Finally, the air voids ratio A,, = 0 since S, = 1 or V, = 0 so that the relationship

A,=1-5,=1-1=0

Example 9:

Determine the moisture content, void ratio, porosity, degree of saturation, dry

unit weight, yjand the dry density, p4, bulk unit weight, yand the bulk

density, p of a soil sample that has a total mass of 1013g and 904g as its dry
weight; having a volume of 585cm®. Assume the specific gravity of the soil is

2.65.

SOLUTION:

Given information:

Total weight of soil sample, W = 1013.0g
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Total volume of soil sample, V = 585.0 cm3

Specific Gravity, Gg = 2.65
Dry weight of soil, Wy = 904.0g
REQUIRED:
® Moisture content, m
® Void ratio, e
e Porosity, n
e Degree of saturation, S,
¢ The dry unit weight, yqand the dry density, pq
e The bulk unit weight, yand the dry density, p

[Note Here again is a typical case V = 585.0 cm3 # 1m3, so thatis V =1V, +
W #1]

The moisture content, m

_ (W — WS) 100% = (1013.0 — 904.0) 100% = (109.0) 100% =
mECw, )T 904.0 X = 904.0) T T

= 0.121x100%
m=12.1%

Void ratio, e
Looking at the information which is provided in the question, we can easily find
the value of the void ratio by using the two relationships involving the dry density,

that is

%z and =GspW
v Pda Pda 1+e
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Ms GspW GspW . GspWV

7=1+e:)e= Pa e M T
_ 2.65x1g/cm’x585.0cm? 1= 1550.25 1=1.1748-1
904.0g 904.0
= 0.715
e=0.715
Alternatively:
As usual
Ll
Vs

Under this case, we do not know the value of V, =V, + V, and so we shall need
to find these values by using the following procedures

Since the weight of water W,,is known, we can get the volume of water by
applying the relationship

— MW

" Pw

V, =109g/1gcm™3

w

Therefore
vV, = 109cm?3
We need also to find the volume of solids, I
| A
*7 Gyt

so that

. 904.0
S 2.65x1.0

Note that since the units here are in a cgs system likewise ¥, is newtons per cubic
centimeter i.e. 1 newton per cubic centimeter

904.0
V. =

* 2,65
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V, =341.13cm3

Alternatively:

ifVg=1when V=1+e
then;
whatis V; =? when V = 585.0 cm3

By cross multiplying, we get

585.0x1
- 1+e
From the above previous section, e = 0.517. Therefore
V. = M = 341.13cm3

S~ 1715
V, = 341.13cm3

You can also find first the volume of voids using a similar approach

e
ifV,=n=—— when V=1

1+e
then
whatis V, =? when V = 585.0 cm?3
e
585.0 x 7 585.0xe  585.0x0.715 418.275
v, = te_ = = = 243.89cm3
v 1 1+e 1.715 1.715
V, = 243.89cm3
Then

V. =V -V, =585.0cm3 — 243.89cm3 = 341.10cm?3
Now with V; being known
Vo=V-V-V
V, = 585.0 —341.1 — 109.0
V,=134.9cm3

Therefore
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V, =V, +V, =109.0 + 134.9
V,=243.9cm?

and hence
243.9cm3 0715
341.13cm3

e=0.715

_%_
e—VS—

The porosity, n

e
n= 1+e
0.715

~1+0715
n=0.417 or 41.70%

n =0.417

The degree of saturation, S,

Vv
S, =2
.

¢ - 109cm3
T 243.9cm3
S, =44.70%

= 0.447

The dry unit weight, y ;and the dry density, p,

Va v v
904.0gx10m/s?
= J /s” _ 15.453gm/s?/cm3

Ya = ""585.0 cm3
Y4 = 15.453kN/m3

Also;
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pq = 1545.3 kg/m?3

The bulk unit weight, yand the bulk density, p

W Mg

TV T
1013.0gx10m/s? _—
y = 850 o = 17.316gm/s*/cm

y = 17.316kN/m3

Also;
_VYa
9
p=1731.6 kg/m3
Example 10:

For a moist soil sample, the following information is given
e Total volumeV = 1.2m3
e Total mass M = 2350kg
¢ Moisture content, m = 8.6%
¢ Specific gravity of soil solids Gg = 2. 71

From this information, determine the following
(@) The moist density/the unsaturated bulk density
(b) The dry density

(c) The void ratio and porosity

(d) The volumes of solids and of voids

(e) The volume of water and hence the degree of saturation

(f)  The volume of air and the air voids ratio
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SOLUTIONS:

(a) The moist density/the unsaturated bulk density p

_ M
P=y
2350.0kg ;

p = 1958.33kg/m3
(b) The dry density, p4

Pd—V

Now since M is unknown while M is known, we can replace the value of M, by

the expression

so that

Pa =T+ myv
B 2350.0kg _2350.0kg  2350.0kg
Pd = 1+ 0.086)x1.2m®  1.086x1.2m® _ 1.3032m?

pq = 1803.25kg/m3

= 1803.25kg/m3

Alternatively,

_ p
Pa 1+m
1958.33kg/m® 1958.33kg/m?3
= = = 1803.25k 3
Pa 1+ 0.086 1.086 g/m

pq = 1803.25kg/m3

(c) The void ratio e and porosity n

We can now determine the value of e from the relationship,
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_ Gspw
1+e

since the rest of the quantities are known except e .

Pa

From the above equation therefore

e = GsPu -1
Pa
_ 2.71x1000kg/m> .
1803.25kg/m3
e=0.503
and
e
n=1+e
0.503 0.503
n=1%0503 1503 0°%°
n=0.335

(d) The volumes of solids and of voids
ifVy=1whenV=1+e
then
whatis Vi =? when V = 1.2m?3?
By cross multiplying, we get

_1.2x1
ST 1+4e

From the above previous section, e = 0.503. Therefore

Alternatively:
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M M

M. = =V =
S 14 m 5 Gepy (1 +m)
2350kg 2350 2350
Vs = — = m3 = ——m3
2.71x1000kgm=3(1 + 0.086)  2710x1.086 2943.06
= 0798m3

V, = 0798m3

Finally, the volume of voids is therefore
V,=V -V, =1.200—0.798 = 0.402m3
V, = 0.402m3

Alternatively:

The volume of voids could also be found using a similar approach as that which

was used in finding its counterpart volume of solids, that is:

when V=1

if V., =n=
HVr=n 1+e

then

whatis ¥V, =? when V = 1.2m3

e
_ l2x37—7  12xe 1.2x0.503  0.6036

o= 1 " 14e 1503 = 1.503
V, =0.402m3

= 0.402m?3

(e) The degree of saturation, S,

Since up to this stage, the quantities e and m are known, and G;is given, we can

therefore apply the relation for partial/incomplete saturation

Sre = mGq
so that
maG
S, = _ >
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0.086x2.71

P =—ggz = 04633
S, =46.33%
The volume of water, V,,
v = M, M- M,
Pw Pw
But, recall also that:
M. = M
ST 1+4m
so that
M
v Si + m
=
Pw
2350.0k
_ 2350.0kg — (10086 08‘2) 2350.0kg —2163.90kg _  186kg
v 1000kg/m3 1000kg/m3 1000kg/m?3
= 0.186m3
vV, =0.186m3

(f) Thevolume of airV,, the air content N ,and the air voids ratio, A

To get the volume of air, we need to find both the values of the volume of solids

and the volume of voids.

Now since we know the void ratio e = 0.503 and also since

v,
e =—=0.503
Vs
implying that
|74
— =0.503
Vs
V,=0.503xV;
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We therefore need to find the value of V; using the expression
Mg
F Gspw
- 2163.90kg
5 2.71x1000kg /m3

Ve =0.798m3

Hence from above
V, = 0.503xV; = 0.503x0.80m3

V, = 0.4024m3

The volume of air is therefore
Vo=V, =V
V, = 0.4024m3 — 0.1860m3

V,=0.2164m3

and the air content is therefore
|74

N, =—
L7

N _0.2164 0.2164
271200 1.2000

N, = 0.18 or 18%

= 0.18

or simply

n(l1-S5,)
a = 1
N, = 0.3350(1.0 — 0.4633) = 0.3350(0.5367) = 0.3350(0.5367) = 0.18
and again, N, = 0.18 or 18%

The air voids ratio is therefore
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~0.2164m3,,

Av = a02amz - 0%
A, =0.54
or simply
A,=1-S5,
A, =1.0-0.4633 = 0.54
A, =0.54
Example 11:

From the information given below,
(a) Determine the mass of water required to be added to 10m3of soil for
complete saturation:
e Porosity,n = 0.4
e Specific gravity, Gg = 2. 68
e Moisture content m = 12%
(b) What is the value of the moisture content at complete saturation?

(c) What is the dry density of this type of soil?

SOLUTION

The mass of water required to be added to 10m3of soil for complete saturation:

In other words, the question above requires us to find

(@) the UNSATURATED/THE BULK /THE MOIST density p

(b)  the SATURATED density pgq;
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(c)  the difference between the amount of water contained in p and in pg4;
;inkg/m3
Therefore, the amount of water to be calculated in (c) above is the amount
contained in 1m?3 of this type of soil. By multiplying this result by 10m3, we get
the correct amount of water to be added, that will make a 10m3 volume of this
type of soil, fully saturated
Now since we are given, n, G and m then;

p=0+m(A-—n)Gpy
and
Psat = [Gs(1 —n) +n]p,,
Therefore
p=1+m)(-n)Gspy
p=(1+0.12)(1 — 0.40)2.68x1000kg/m> = (1.12)(0.60)x2680kg /m?>
= 0.672x2680kg/m3 = 1801kg/m3
p = 1801kg/m3
Similarly
Psar = [Gs(1 —n) +n]p,,
Psar =]2.68(1 — 0.40) + 0.40]x1000kg/m3
= [2.68(0.60) + 0.40]x1000kg /m?3
Psar = [1.608 + 0.40]x1000kg/m3 = [2.008]x1000kg/m3 = 2008kg/m3
Psar = 2008kg/m3

Note that, normally pg,; is always greater than p i.e. psqe > p because both pgg;

and p contain same amount of solid soil particles but ps,; contains more water
than p However, remember also that the two are equal when e = mGg
(i.e. Psar = P)

Hence . pgq: > p, Because of additional water in the soil.
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Now, let M; be the mass of water added per cubic meter, then
My = psar — P
M, = 2008kg/m3 — 1801kg/m3 = 207kg/m3

M, = 207kg/m?3
Therefore, the mass of water required to be added to 1m3 of soil is 207kg.
Hence, the required amount of water M,,, to be added to 10m3 of soil is
10m3xM,

= M,, = 10M; = 2070kg

Therefore the mass of water required to be added to 10m3of soil for complete

saturationis M,, = 2070kg

The value of moisture content m, at complete saturation

Here we need to find m when S,. = 1 i.e,,

. mG,
ifm=12% when §, =
then whatis m’ =? when S, =1
0.12x2.68
m=12% Sr = T
(1.0 — 0.4)

m' =? S. =100%
m=0.12 S, = 0.4824
m’ =? S-r = 1.0

,  0.12x1.0
M = 04824
m' = 24.9%

So from above you can easily observe that
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(i) the moisture content after complete saturation is almost twice as
much (24.9%) as it was before (12%)

(ii) the degree of saturation after complete saturation is almost twice
as much (100%) as it was before (48.24%)

(iii) the two quantities m and S,- in this case have as is usual, obeyed

their obvious direct mathematical relationship S,e = mG;

Alternatively, we could have calculated the weight of solids W,and then get

m’using the relationship

That is

Note again that since the total volume V = 10m3 then V, = 10(1 — n)in this
particular case
Therefore
M, = G5 p,x10(1 —n)
So that the additional moisture content resulting from the added mass of water

M,, is

1) MW
m' = n
” M,,
M =G pux10(1—n)
g 2070 . 2070 2070
M = 268x1000x10(1.0 — 0.4)  26800(0.6) (1608()) x100%

= 0.1287x100%
m'’ =12.9%
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Now, since the soil was originally at a moisture content of 12%, the resulting
moisture  content (resulting from additional water) is therefore
m =12% +m"

m' =12%+ 12.9%

m' =24.9%

and which is in consistency with the previous answer

The dry density of the soil, p4

Pd—V

From above,

Mg = G5 pyx10(1 —n)

M, = 16080kg
and
V=10m3
Therefore
M;
Pa = A

pq = 1608kg/m3

Alternative way 1:

_ p
Pa 1+m
or
_ Psat
where
p = 1801kg/m3
and
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Psac = 2008kg/m®
Both of these two above procedures will give the same result for dry density i.e.

pq = 1608kg/m3

Note: m is the given moisture content of 12% whereas m'"is the calculated

moisture content of 24.9% i.e. the moisture content at complete saturation.

Alternative way 2:

From
Psat = Pa T NPw = Pd = Psat — NPw
pg = 2008kg/m3 — 0.4(1000)kg/m3 = 1608kg/m?3
pqg = 1608kg/m3
Example 12:

A COMPLETE SATURATED soil has a DRY unit weight of 16. 50kN/m3. If its

moisture content is 23%

(a) Determine its

(i) saturated unit weight
(ii) specific gravity
(iii) void ratio

(iv) porosity
(b)  Assuming 10m3as the volume of the soil, what is the volume of water

in the sample? What is the volume of air?

SOLUTIOM
Given:
Mgy = 0.23
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Yq = 16.50kN /m3
(i) The saturated unit weight, ¥ ;,¢

vy = Vsat
d 1+ mg,

Vsat = yd(l + msat)
Ysat = 16.50(1 + 0.23) = 16.50(1.23) = 20.30kN/m3

Ysar = 20.30kN /m3

(ii) The specific gravity. G

At complete saturation S,.e = mg,;G,. with S,. = 1 then;
e = Myq. Gy
But also

GS Yw

yd_1+e

implying that

GS Yw

A r——

and hence
Ya
Yw — MgatVa

B 16.50kN /m?3
~ 10kN/m3 — (0.23x16.50kN/m3)

GS=

Gs

or

‘.- 1650kg/m3
57 1000kg/m3 — (0.23x1650kg/m3)

from which we get
Gs =2.66

(iii) The void ratio; e

At complete saturation
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e = mGy

e = 0.23x2.66
e=0.61
(iv) The porosity; n
e
n= 1+e
_ 061
" 161
n=0.38

(g) The volume of water; V,,

At complete saturation the volume of water equals the porosity. Now, for a

specific case where the total volume V = 10m3then

I, = 10xn
I, = 10x038
vV, =3.8m3

And it follows therefore from above that the volume of air is zero since this is a

complete saturation case.

Example 13:

(a) A soil sample has a porosity of 41%, moisture content of 15.2% and
specific gravity of 2.65. Determine the degree of saturation, the void

ratio and the air voids ratio.

(b) What would be the value for the moisture content in (a) above
assuming complete saturation of the soil?

(c) What is the value for the volume of water at complete saturation?
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n=41%

m = 15.2%
G; = 2.65
r =7
e =?
(a)
® The degree of saturation
mG
S =— >

Since we are given the porosity, then

g mG,(1 —n)

r n

after we have replaced e with the expression that relates it to the porosity n

Therefore
0.152x2.65(1 —0.41) 0.4028(0.59)
S, = = = (0.58
0.41 0.41
S, =58%
® The void ratio
n
e=1—n
0.41 0.41
©= 1041 059 6P
e =0.695

® The air void ratio, A,

To get the air voids ratio, we first need to find the volume of air I/,
Obvious this is a partial saturation case since some amount of air is still available
in the soil. The volume of air is given by the expression

V,=V,=-V, =n—mGs,(1 —n)

where
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V,=n
and
W, = mGs(1 —n)
Therefore
V,=n—-—mG,(1—n)
V, =0.41 — (0.152x2.65)x(1 — 0.41)
V, = 0.41 — (0.4028x0.59)
V,=0.410-0.238
V,=0.172 cubic units

Now, since for partial saturation I, = n, then the air voids ratio in this case is

V, 0.172 cubic units

A =2 =
YV, 0.410 cubic units

A, =0.42
Alternatively:
e maGy
e=h—W=117"71%
e —mG;
“~ Tte
where
e
W= 1+e
and
maGg
W = 1+e
Therefore
e —mG;
“T Tt+e
0.695 — (0.152x2.65)  0.695 — (0.4028) 0.2922
@~ 1+ 0.695 B 1.695 = Teos 172
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V,=0.172
Therefore, again

A = Vo _ 0.172 cubic units
"V, 0.410 cubic units

A, =0.42

as previously found

(b) Moisture content at complete saturation

At complete saturation, S, = 1 and therefore

¢ = mG; —1
" e
implying that e = mG, so that
e
e
0.695
M= 2650
m=26.22%

Alternative way2: Calculate the value of m by sing empirical relationship that

exists between m and S,

That is:
ifm=0.152 when S, = 58%
then what is m? when S, = 100%?
. 0.152x100 _ 02621
58
m=26.21%

Alternative _way 3: Calculate the value of m using the porosity, n

The volume of water at complete saturation equals the volume of voids (volume
of air is zero) and hence the void ratio n, i.e.
V, =n=041
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The weight of weight is therefore
Wy = Wyw

and that of solids is
W = Gsyw (1 - n)

So that the moisture content is

174
m=—x100%
S

VwYw
m= x100%
GSYW (1 - n)

m x100%

- GS(1W— n)

= 041 100% = 041 100% = 041 100% = 26.22%
T 265(1—040) " T 265059 P T 156357 0 L0esn

m=26.22%

m

Alternative _way 4: Calculate the value of m using the void ratio e

At complete saturation,

_ &Yw
1+e

_ Gsyw

S 1+e

Wy

so that

€¥Yw

Wiy 1+e e
m = = = m = —
Wg GSYW GS

1+e

an expression which later simplifies (after cancelling out the like terms) to

m=G—S

0695 _
Mm=3650 =

m=26.22%

73



(c) Thevalue for the volume of water at complete saturation

I, =n=0.41

V,, = 0.41 cubic units

Note: The term cubic units refers to a calculated value of volume units of an
unspecified volume of a soil. If let’s say in our current (this) problem, the value of
the total volume was specified to be let’s say 9m3, then the value of the volume
of water at complete saturation would be

V, = 0.41x9m3 = 3.69m?3

Example 14:

A soil sample has a porosity of 0.32 and a moisture content of 25%. Given that
Gy is 2.70, determine its

(a) drydensity

(b)  bulk density

(c) saturated bulk density

n =0.32
m = 0.25
G, = 2.70
(a) The Dry Density, p,
— M
Pa = A
by = GsPw g/l —n)
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pa = Gspw (1 —n)
pg = 2.70x1000kg/m3(1 — 0.32) = 2700kg/m3(0.68) = 1836kg/m?
pq = 1836kg/m3

Alternatively:

M;

Pd:7

Gspw

1+e
0.32 032 0.32
~10-032 068 068

= 0.47

e

Therefore
2.70x1000kg/m* _ 2700kg/m>
1+ 0.47 147
pq = 1836.7g/m3

Pg = = 1836.7g/m?3

(b) The Bulk Density, p

p:

Ws + W,
P=—"

<|+ <I=z

GsPw (1 B n) + mG;py (1 B n)
4
_ (1 - n)(l + m)Gspw
P v
(1.0 — 0.32)(1 + 0.25)2.70x1000kg /m3
p ]
1

= 2295.0kg/m3
p = 2295.0kg/m3

= (0.68)(1.25)2700kg /m?

Alternatively:




W+ W,

p v

GsYw + mGspy,

1+e
_ A+ m)Gspw
1+e
(1+ 0.25)x2.70x1000kg/m3  (1.25)x2700kg/m® 3375kg/m3
N 1+ 047 N 1.47 T 147

= 2296.0kg/m3
p =2296.0kg/m3

(c)  The Saturated Density, pga¢

_ Msat
Psat = Vv
_ W, + W,
Psat = m
Gspw(l B n) T npy
1-n)+n

_ Gspw(l B n) T npy
psat - 1

Psat =

Psat = Gspw(1l —n) +npy,
Psat = [Gs(1 —n) +n]py
Dear = [2.70x(1 — 0.32) + 0.32]x1000kg/m?
= [2.70x(0.68) + 0.32]x1000kg/m?
Psar = [1.836 + 0.32]x1000kg/m> = [2.156]x1000kg/m3 = 2156.0kg/m?>
Psar = 2156.0kg/m3

Alternative way 1:
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Msor Mg+ M, Gpywt+epy  (Gs+e)py

Psat = = 1y~ T T 1+e | 1+e
(2.70 + 0.47)x1000kg/m?®  (2.70 + 0.47)x1000kg /m?
Psat = 1+ 047 - 1+ 047
= 2156.5kg/m3

Psar = 2156.5kg/m3

Alternative way 2:

Psat = Pa + NPy
pg = 1836kg/m3; n = 0.32; p,, = 1000kg/m3
Therefore
Psar = 1836kg/m3 + 0.32(1000kg/m?3) = 2156.5kg/m3
Psar = 2156.0kg/m3

Example 15:

Determine the void ratio of a saturated soil sample that has a mass of 178 g
before drying and 139 g after oven drying. Assume the specific gravity of the soil
solids is 2.7.

M = 178g

M, = 139g

G, = 2.70

S, = 1 (This follows directly from the question that the soil is saturated)

e =7

SOLUTION:
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We need to know the value of the moisture content m so that we can determine

the value of e from the relationship e = mG;

m = (ﬂ) x100% = (M MS) x100%
M, ° M 0

S

178 — 139 39
m = (—) x100% = (—) x100% = 28.06%

139 139
Therefore
e = mG;
e = 0.2806x2.70
e=0.76
Example 16:

Differentiate between the following terms as applied to soil mechanics
(a) Complete saturation and partial saturation of soil
(b) Moisture content at partial/incomplete saturation and moisture content

at complete saturation

Example 17:
The dry density of a soil is 1780 kg/m> and its void ratio is 0.55. What is the bulk

density if
(@) S, = 50%?
(b) S, =100%?

(c) water is replaced by oil whose specific gravity is G5, = 0.9?

Given:
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pg = 1780kg/m?3

e = 0.55

S, =05

S, = 1.0

Gy, = 0.9

Solution:
e p;, =1957.42 kg/m3
® pPogr = 2134.84 kg/m3
e p=2099.35kg/m3

SOLUTION:
Casel: S, =50% = 0.5
(Q) Casel:S,.=50%=0.5
Let p; represent the bulk density of the soil at a 50% degree of saturation, Then

— (Gs+eSr1)pw
1+e

However, the specific gravity of the soil has not been provided but the dry

P1

density. Therefore we need to find first the value of this quantity because it is
required in calculating the value of p;

Gspy c - pa(1+e) 1780kgm™3(1+ 0.55)

= = = 2.759
Pa=T4e s o 1000kgm=3
Gs = 2.759
_ (Gs+eSp)pw  (2.759 4 0.50(0.55))1000kgm™3 5
P = 1T e = 17055 = 195742 kg/m

p1 =1957.42 kg/m3

(b) Case2:S, =100% = 1(i.e. complete saturation case)
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_ (Gs+eS)py  (Gste)p,  (2.759 +0.55)1000kgm ™3
Psat =11 e "~ 1+e 1+ 055

= 2134.84 kg/m3
Psat = 2134.84 kg/m3

(c) How to determine the saturated density of this soil when water is
replaced by oil whose specific gravity is G,;; = 0.9

In the previous part, we were dealing with soil that has been saturated with
water. However, if the voids were completely filled with oil only, (be careful here
of the big trick) its means they would be saturated with oil instead of water;.
Therefore under this particular case, we will use the value S,, = 100% to find the
saturated density of the soil if all the voids are filled with oil
We know from the theory that:

_(Gst+e)pw _ Gspw tepw _ Gspw L CPw
Psat 1+e 1+e 1+e 1+e

= Psat = Pd T NPy

= pa + npy

The first term in the above equation of pg,; i.e. G¢p,, /(1 + e) or pg represents

the dry density of soil and is actually a contribution to pg,; from solid soil

particles; whereas the second term ep,, /(1 + e) or np,,is a contribution to pg,:

from water

These two equations tell us the following two important things that, the quantity:

(i)  pa=Gsp,,/(1+ e) will remain the same in all cases regardless of what is
mixed with the soil because it is attributed by the presence of solid soil
particle within the soil itself. The amount of these solid soil particles

present in the soil does not get affected by the action of physically mixing
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the soil with any type of a fluid, assuming no any chemical reaction is
associated with the mixing process

(i) np,, =ep,/(1+ e)isaquantity attributed by the fluid with which the soil
gets mixed with. Therefore this quantity can be affected depending on the
type of fluid the soil gets mixed with. For example, if the fluid that is mixed
with the soil is called x then we must have np, = ep,. /(1 + e) where p,
represents the density of the fluid named x that has been mixed with the
soil. In usual cases, normally x represents the fluid substance water but
may take on any other fluid substance like diesel , oil or any other type of
fluid, and under this case, it has been stated to be oil

So, this time the contribution from water is replaced by that from oil so that the

termep,,/(1 + e) becomes ep,;; /(1 + e) = np,;;.

Now, since we are given specific gravity of oil and not the density of oil, we will be

required to express the density of oil in terms of its specific gravity. Therefore

from the definition of specific gravity, we have

Poil
Goit =

w
= Poir- = Pwloir

Therefore

Mot = T (pot) = 7o (p Go) = 22271
Note that the density of water still appears in the expression that stands for the
contribution from oil. This is because of the use of the specific gravity of oil,
originally given from the question itself; since such a quantity is always a function
of the density of water. Had it been that we were directly given the density of oil,
then the density of water would not have appeared in the said expression

because, under such situation, we would directly employ the use of the

expression ep,;; /(1 + e) in solving our problem
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Therefore, we finally have

Gspw  epwlou  (Gs +eGoy)py, (2759 + 0.55(0.90))1000kgm™—3
1+e 14e 1+e Bl 1+0.55

_ (2759 + 0.495))1000kgm ™3
B 1.55

Psar = 2099.35kg/m3

Psat =

= 2099.35kg/m3

Alternatively:

Since the value of p; has been directly given from the question, we can use the

relationship
epwGoil
Psat = Pa T 1W_|_ Zl
0.55(1000kgm=3)(0.9) 495kgm™3
_ -3 _ -3 22009
Psar = 1780kgm™" + 15055 1780kgm™" + 1ct

= 1780kgm™3 + 319.35kgm™3 = 2099.35kg/m3

Of foremost importance to note in the above expression of p,,; here is that G,
does not appear in the first expression Ggp,, /(1 + e) = p; because as stated
before, this expression is attributed by the contribution of solid soil particles
within the soil itself and therefore it amount does not get affected by the fluid

with which the soil gets mixed with!

Example 18:

A soil sample has a total volume of 1.587x10°m? and specific gravity of 2.68. If
the dry weight of the sample is 2.38kg, what is the volume of voids in the
sample? [V, = 0.6989x103m?3]
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V =1.587x1073m3
G, = 2.68

M, = 2.38kg

v, =2

SOLUTION:

Looking at the information provided in the question, we note among the
information given is the total volume IV and asked to find the volume of voids Vj,.
But we know from theory that the missing quantity to be sought and the one
provided s governed by the relationship n=1V,/V = V, =nV. In other word,
this question asks us that, what is the value of nV with respect to the information
provided in the question?. So we need to first find the value of n and finally,
multiply it with the total volume, to get the value of the required quantity

Now using relationships Ms/V = p; and p; = Gsp,, /(1 + e) = Ggp,, (1 —n) (by

equating them) we can determine this unknown value, that is:

Mg (1—n) 1 Mg
— = — = n=1-—
V SpW n n VGSpW
Then
M M
V=nV=V(1— S>= -—
v VGspy, GsPw
V=V Ms
= = —
v GsPw
2.38kg
= 1.587x1073m3 —
W 0 = 8 (1000kgm—3)
2.38kg
— -3,.3 _ -3,..3
1.587x107°m ( 568 x10 m)

= 1.587x1073m3 — (0.8881x103m3) = 0.699 x10~3m3

V, = 0.6989 x10~3m3
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Alternatively:

From the same equations M,/V = p,; and p; = Gsp,,/(1 + e),; if we again
equate these equations we remain with only one unknown quantity, the void

ratio e, thatis

M;  Gspy B (GSPWV)
= e = -1

V 1+e M
But also;
n GspyV M;
e = e ( ) —1 = >n=1-—
1—n M 1—n VGgpy,

and finally 1, = nV as before and hence

V, = 0.699 x10~3m3

Example 19:

If a soil sample has a dry unit weight of 19.5kN/m?>, moisture content of 8% and
a specific gravity of solids particles is 2.67. By taking g = 10ms—2, calculate the

following:

(@) The mass of water to be added per cubic meter of soil to reach 80%
saturation

(b) The original degree of saturation i.e. the degree of saturation at 8%
moisture content

(c) The moisture content at complete saturation

(d) The void ratio

(e) The porosity

(f)  The saturated unit weight
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[M,, = 59.67kg ; Sgo, = 57..85%; My, = 13.83%; e = 0.3692; n
= 0.2697; Ygqr = 22.20kNm ™3]

Vg = 19.5kN/m3 = p,; = 1950kg/m™3
m = 8%

G, = 2.67

S. =08

SOLUTION:

e = (GsYw/Va) — 1

Mg, = e/Gg

Vsat = (Gs +€)y,/(1 +e)
M, =?

(a) The mass of water to be added per cubic meter of soil to reach 80%
saturation
From the relationship m = M,,, /M, we observe that the initial mass of water in
the soil (before addition) is M,,,; = 0.08M;
However the mass of water at complete (100%) saturation is M, = mg,;M and

in a similar fashion, the mass of water at 80% saturation will be

M, = 0.80M',,
But from above,
My, = mgq M
Therefore
M, = 0.80x(mg,:Ms) = 0.80x13.83%M; = 0.80x0.1383M;
M, = 0.1106M,
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Therefore, additional mass of water per cubic meter needed for 80% saturation is
M, =M, — M,
M, = 0.1106M, — 0.08M,
M,, = 0.0306M;

Now, since p; =v4/9 then M, /V =vy,/g

Ms=Vya/g
When V =1m3 M, =y,/gand hence M, = 0.0306y,/g is the mass of
ADDITIONAL WATER per meter cubic needed for 80% saturation is

_ 0.0306x19.5x1000N /m?3
W 10m/s?

M, =59.67kg/m3

Alternative wayl:

First determine the value of the moisture content at 80% saturation by using the
following procedure
ifmgy, = 8% ; when S, =mgGg/e
then what is m, =?; when  Sgo =80%7?

From this relationship therefore

_ Sgoxmg
_80%x8% _ . oo 008267 (008x267)
e = (s = (08x0.08)/ (53595 ) = 0064/ (3557 — = 0.
e

= m, = mqq 06y = 11.06%
Then the required mass of additional water that will raise the moisture content of
soil from 8% to 11.06 % (or 80% degree of saturation) is

M,, = (M11.069% — Mgoy) M
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M,, = (11.06% — 8%)M,; = 3.06%M; = 0.0306M;
M,, = 0.0306Vy,;/g = 0.0306x1xy,/g
M, = 59.67kg/m3

as before

Alternative way 2(a): Use of bulk densities

We have seen from above that, moisture contents is 11.06% at 80% degree of
saturation and the original moisture content was 8%

So we can use the two values of moisture contents to first determine their
respective bulk densities (i. e. bulk densities at both 8% and 11.06% moisture
content values) after which we shall take the difference of the densities, which
represents the mass of water added per cubic meter (for this method, you may
also refer to a similar approach in example 11 part (a) above) That is:

p(m =11.06%) — p(m = 8%) = M,,

= amount of water addedd per cubic meter

_ (1+ m)G,p,,
1+e
(m = 11.06%) = (1 +my1069%)GsPw (8%) = (1 + mgo,) Ggpyy
P ' 1+e ' P 1+e
(14 0.1106)Gsp,, Gopy
= 11.069 = = 1.1106 =1.1106
p(m ) 1+e (1 n e) Pa

= p(m = 11.06%) = 1.1106p,; S, = 80%
Similarly;
p(m = 8%) = 1.080p4
Therefore
M, = p(m =11.06%) — p(m = 8%) = 1.1106p,; — 1.080p,; = 0.0306p,
M,, = 0.0306p, = 0.0306x1950kgm™3 = 59..67kgm™3
M, = 59..67kgm™3
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Alternative way 2(b):

p(m =11.06%) — p(m =8%) = M,

= amount of water addedd per cubic meter
p(m =11.06%) = py;(1 4+ 0.1106); p(m = 8%) = p,(1 + 0.08)
= M,, = (0.1106 — 0.08)p; = 0.0306p,; = 0.0306(1950kgm™—3)
= 59.67kgm™3
M, =59.67kgm3

Alternative way 3: Use of degrees of saturations

First find the original degree of saturation at 8% moisture content; that is:

mG G
m=8%= §, = S;e: S'Dw—l
e Pa
mGspg 0.08x2.67x1950kgm—3 _ 416.52kgm™°

= 5. = = =
" Gpy — pg  2.67x1000kgm~—3 — 1950kgm3 720kgm=3

= 0.5785 = 57..85%
S, =57..85%
Then
M,, = p(S, = 80%) — p(S, = 57..85%)
_ (G5 + Sre)pw

1+e
(G5 + 0.80¢e)p,, (Gs + 0.2422e)p,,
= 0 = » — 0 —
p(S, = 80%) T+ e ; p(S, =57..85%) T+ e
(Gs + 0.80e)p,, (Gs+ 0.5785e)p, epy
= — = 0.2215

v 1+e 1+e (1 + e)

_ Ggpy, _ Ggpy, — pa

e = —-1l=—

Pa Pa
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Gopyy — G.p,, —
= M, = 0.2215( sPw pd) (pwpd> =0.2215 (%)
S

Pa Gspw
— 02215 2670kgm™3 —1950kgm™>\ _ 0.2215(720kgm™?)
- 2.67 B 2.67
= 59.73kg/m?3

M,, = 59.73kg/m>3
The small difference between this value and the previous ones is attributed for by

mathematical rounding-off procedures

(b) The original degree of saturation i.e. the degree of saturation at 8%
moisture content
The original degree of saturation has already been calculated from above using
the relationship
mGspg

s =— " _ 57 .85%
" Gspw — Pa

(c) The moisture content at complete saturation

e _ Ggpy, _ Ggpy, — pa
m=—; e= —1l=—

G Pa Pa

1 (Gspw — pd) _ Gspy —pa _ 2670kgm™3 —1950kgm™3
G, D4  Gypg 2.67(1950kgm=3)

_ 720kgm~3
~ 2.67(1950kgm=3)

m=13.83%

= m =

= 0.1383 = 13.83%

Alternative way 1(a):
ifm = 8%; when §, = 57..85%

then;
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whatism =7; when S, =17

1x0.08

= = e )
m 05785 0.1383 = 13.83%

m=13.83%

Alternative way 1(b):

ifm=11.06%:; when S, = 80%
then;

whatism =7; when S, =17

_ 1x0.1106 0.1383 = 13.83%
m="980 = 28970

m=13.83%

(d) The void ratio

G 2.67x1000kgm™3
e=—Pw_q_ ‘9_ —1=0.3692
Pd 1950kgm=3

e=0.3692

(e) The porosity

e 03692 0.2697
" 1¥e 13692
n=20.2697
Alternatively:
G Py n Gspw n n+l—-n
e = —1= —t = = =
Pd 1—n Pd 1—n 1—n
Gspyw 1 _ Pa B Pa
— = 1—-—n= =>n=1-—
pa 1—n sPw sPw
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1950kgm™—3
2670kgm—3

n=0.2697

= 0.2697

n =

(f)  The saturated unit weight
Ysat = Ya T MYw
Ysat = 19.50kNm~3 + 0.2697(10kNm~3) = 19.50kNm~3 + 2.697kNm™3
Ysar = 22.20kNm3

Example 20:

A soil sample has a void ratio of 0.72, moisture content 0f12% and G, = 2.72
Determine the following:
a. Dry unit weight and moist unit weight
b. Weight of water in kN/m? to be added for the saturation to be
changed from the current value of 2% to 80% degree of saturation.

c. Is it possible to reach a water content of 30% without changing the

present void ratio?

d. Is it possible to compact the soil sample to a dry unit weight of
23.5kN/m>?

[Ya = 15.81kN/m3; y = 16.13kN/m3; W, = 3.03kN/m3

e=0.72
m= 2%
Gy =2.72
Sy, = 80%
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SOLUTIONS:

(a) Dry unit weight and moist unit weight

_ GsYw
Ve =T+
_ 2.72(10kNm™3)  27.2kNm~3 _ 15 81kNm=3
Ya="13xo72 T~ 172 O™

¥4 = 15.81kNm™3

Yy =va(l+m)
y = 15.81kNm=3(1 + 0.02) = 16.13kNm™3
y = 16.13kNm™3

(b) Weight of water in kN/m? to be added for the saturation to be changed
from the current value of 2% to 80% degree of saturation
Weight of water W, in kN/m’ to be added is: W,, = y(S, = 80%) — y(S, = 2%))
Y(Sr =2%) =y4(1 +2%) =y,(1+0.02)
y(S, =80%) =y,4(1+80%) =y,4(1+ 0.80%)
v(S, = 2%) = 16.13kN/m3
v (S, = 80%) = 19.16kN /m?3
Therefore, additional weight of water per meter cubic, required for 80%
saturation of the soil is
W,, = 19.16kN/m3 — 16.13kN /m3
W, = 3.03kN/m?3

Alternatively:

Find the weights of water at both 80% and 2% saturation and take the difference

between them, i.e.
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Wy = Wyp — Wy
where  W,,; = 2%W, = 0.02W, and W,,, is the weight of water at 80%
saturation. Therefore, you may need to calculate the value of W,,, using the

following alternative procedure

myGs  2%xG;

W,, = 0.02W, S, =

e  0.72
W, =? Sgo = 80% ?
” _0.02W,x80%
w2 T 2%xG,
Go72)

so that the weight of water to be added for the sake of attaining an 80% degree
of saturation will be W,, = W,,, — W,,,; and the amount W,,, is calculated as per

the procedures below

_ 0.02W,x0.8 _ 0.72W,x0.8 _ 0.576W,

W = 0.02xGg, G G
o7z
Ws =vqV
Therefore
0.576y,4V
S

Now, taking V = 1m3 then we get

0576y, 0.576Gy, 0576y, 0.576x10kN/m®  5.76kN/m?
Y27 6, G(1+e) (A+4+e 1+072 172

W,, = 3.35kN/m3

Similarly;
W,,1 = 0.02W;
W =vaV
0.02Gy,,

Wi = 0.02yaV = 0.02y4x1m® = 0.02yq = ———
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W 0.02x2.72x10kN/m® _ 0.544kN/m®
wil ™ 1+ 0.72 B 1.72

W, = 0.32kN/m3

= 0.32kN/m?

Therefore, additional weight of water per meter cubic, required for 80%
saturation of the soil is
W, =Wy — Wy
W,, = 3.35kN/m3 — 0.32kN/m3
W, = 3.03kN/m?3

(c) Is it possible to reach a water content of 30% without changing the
present void ratio?
e =0.72
Gy = 2.72
m = 30%?

In other words, this question is asking us a hidden question that “could the
relationship S,e = mG; still hold even when the value of m = 30%?”

So let’s find the value of S, when m = 30% and see if the relationship S,.e = mG;
will still be obeyed. If it will, then our answer will be a big yes,; otherwise, our

answer should be no

S, =mGg/e

g - 0.30x2.72 _ 0.30x2.72 11333
" 0.72 0.72
S, = 1.1333

We know the boundary conditions of S, that 0 < S,. < 1. So the above value of

S, indicates that it is practically impossible to have a value of 30% moisture
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content for this type of soil as it would require S, to have a value greater than 1,;
a practically impossible situation
For this type of soil, we can only have a maximum value of m when S, = 1 and

its value is calculated as follows

_ _Sre 1lxe e
T e TG TG, T G

0.72
Meat = leOO% = 2647%

So the maximum value of moisture content this type of soil can hold is 26.47%. In
other words, the boundary values of m corresponding to all possible values of S,
is0 <m < 26.47% and not otherwise. That is:

0<m<26.47% when 0<S§, <1

(d)Is it possible to compact the soil sample to a dry unit weight of 23.5
N/m??

Not possible because, we have previously seen from above that the (maximum)

dry unit weight is y; = 15.81kN/m3, which indicates that it is impossible for this

type of soil to have a value of y; larger than this value i.e. under this particular

case the only possibility is 0 < y; < 15.81kN/m3 and not otherwise

Example 21:

A dry sandy soil is placed in a container having a volume of 0.038m3. The dry
weight of the sample is 56.685kg. Water is carefully added to the container so
as not to disturb the condition of the sand. When the container is_filled, the

combined weight of soil plus water is 73.691kg. From these data, compute
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(a) The moisture content, the void ratio of soil in the container and the
specific gravity of the soil particles.
(b) The dry density and the saturated density
m =30%; e =0.81; G, = 2.70; pg = 1491.7kg/m3 ; p,n;
= 1939.21kg/m3,

V =0..038m3
M, = 56.685kg
M = 73.691kg.

SOLUTION::
(a) The moisture content, the void ratio of soil in the container and the
specific gravity of the soil particles.

Moisture content:

From p = p;(1 +m); p = M/V and p; = M,/V we find that
p

m=—-1=m=—-1
Pa Ms

= 509Tk9 1 030 = 30%

M= 56685kg o 7

m=30%

Void ratio and Specif gravity:

Since we are also missing the specific gravity, we will need to find simultaneously,
the values of both the void ratio and of the specific gravity. The problem at hand
is also a complete saturation case since the container is fully filled with water and

solid soil particles only, implying the all the voids are filled with water.
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Now, from p; =M,/V and pg; = Gsp,, (1 +e), we form a simultaneous
equation in e and Gy as follows:

%zGS’DW = M;(1+e) = Gsp,,)V = Gsp,,V —eMg =M
% 1+ e S sFw sFw s S

Therefore
Gsp,,V —eM; = M, = 1000kgm=3(0..038m3)G, — (e)56.685kg
= 38G, — 56.685e = 56.685

Therefore
38G, — 56.685e = 56.685 0
Also;
M (Gs+e)p
Psar = 3 = % = M(1+e) = (Gs +e)p,V = Gp,V +ep,V —eM

=M
= 1000kgm~3(0..038m3)G, + e( 1000kgm—3( 0..038m3)
_ (€)73.691 = 73.691
= 38G, + 38e — 73.691e = 73.691 = 38G, — 35.691e = 73.691
Therefore

386G, — 35.691e = 73.691 (iQ)

Subtracting equation (i) from (ii) we get
38G, — 35.691e — (38G, — 56.685¢e) = 73.691 — 56.685 = 20.994¢

17.006 061
20.994

e=0.81

=17.006 > e =

Finally, substitute this vale of e in any of the above equations to get the value of
G.

From let’s say
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38G; — 35.691e = 73.691 = 386G, = 73.691 + 35.691(0.81) = 102.60
= 38G; = 102.60 = G, = 2.70
Therefore
e=0.81;, G;,=2.70
Note: This part of the problem is similar to the last part of EXAMPLE 26 below

Dry density:
_ GsPw
Pa 1+e
2.70(1000kgm=3) 2700kgm~3 s
Pa=—"7T081 181 [49171lkgm

pqg = 1491.71kgm™3

Saturated density:

Psat = Pa T NPw

Psar = 1491.71kgm™3 + (1000kgm™3)

1+ 0.81
= 1491.71kgm=3 + 447.51kgm=3 = 1939.22kgm ™3
Therefore
pqg = 1491.71kgm3; p,, = 1939.22kgm3
Example 22:

Dry soil with G; = 2.7 is mixed with water to produce 20% water content and

compacted to produce a cylindrical sample of 40 mm diameter and 80mm long
with 5% air content. Calculate the following:
(a) Void ratio of the sample

(b)Mass of dry soil that will be required to be mixed with water
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(c¢) Dry, saturated and moist unit weights

(d)The amount of water to be added for full saturation of the soil

G, = 2.7
m = 20%

V =nd?h
d =40x1073m
h =80x10"3m
N, = 5%
Solution:
The volume of the sample is

_ md’h
4
. x(40x1073m)%x80x1073m _ tx1600x107°m?x80x103m
4 4

= tx400x80x10~°m3
V =32000xx10°m3 = 1.0x107>x107°m3 = 1.0x10"*m3
V=1.0x10"%*m?

(a) The void ratio:

Air content is related to the degree of saturation by the relationship

N, =n(1-S5,
such that
N e
o) -
r I +e
Therefore
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(1)

Again, the degree of saturation is related to both the moisture content and the

1+e>

Sr=1—Na< -

specific gravity by the expression

maGg

Sy = (2)

Upon equating equations (1) and (2) above and eventually making the subject the

e

only unknown quantity e , we obtain

maG; 1+e
=1—Na< - >=>Gs=e—1va(1+e) 3)

e

which finally simplifies to an expression

_mG; + Ny
TN,
Therefore
~ (02x2.7) +0.05  0.54+0.05 059 0.621
B 1— 0.05 0.95 095
e =0.621

(b) Dry mass of sample:

Mg
Pa = 7
GsPw
1+e
M;  Gspy _ VGspy,

V 1lte ST Txe

1.0x1074x2.7x1000 1.0x10"'x2.7 2.7x10"'  0.27
s~ 1+0.621 - 1621 1621 1621
M, = 0.166kg

Pa =

= 0.166kg
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(e) Dry, saturated and moist unit weights

Dry unit weight of sample:

_ Gshw
Va 1+e
_ 2.7x10kN/m® _ 27kN/m> _ L6.66KN /m?
Ya = Tio0621 1lezl  L[6:66kN/m
Y4 = 16.66kN/m?3
Saturated unit weight
_ G+ ey
ysat 1 +e
(27 +0.621)x10kN/m* _ 3.321x10kN/m* _ 33.21kN/m?
Vsat = 1+ 0621 - 1.621 T 1621
= 20.49kN /m3
Ysar = 20.49kN /m3
Moist unit weight:
(1 +m)G,yy

Ymoist =V = 1+e

_ (140.20)2.7x10kN/m?® _ 1.20x27kN/m?® _ 32.40kN/m?
B 1+ 0.621 B 1.621  1.621

= 19.99kN/m?>
y = 19.99kN/m3

(d) Amount of water to be added for full saturation of the soil:

We have already found from above that
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¥y = 19.99kN/m3 = p = 1999kg/m?3
Ysar = 20.49kN /m3 = pg,r = 2049kg/m3
Therefore, mass of water added per cubic meter is

M, = psgr — p = 2049kg/m3 — 1999kg/m3 = 50kg/m3

Note the simple trick in this question that the value calculated above, represents
the amount of water that would be required to be added to 1m?3, in order to
make this type of soil saturate. However, in our current situation, the volume is
NOT 1m3 but 1.0x10~%m?3 as per the above calculations. So under this situation
therefore, we eventually have to obtain our solution using our popular
mathematical procedure that:

if M,, = 50kg when V = 1m3

then;
whatis M,, =? when V = 1.0x10"*m3
M, = 50kgx1.0x10~*m3 — 0.005kg = 5.0g
1m=3
Therefore
M, =5.0g

Alternatively:

We can compare the amount of moisture contents (original moisture content and

moisture content at full saturation) since at full saturation e = mG, so that

e
"G
0.621 0.621
m = X x100% = > x100% = 23%
m = 23%

Hence, water is needed to raise the moisture content from 20% to 23%. Now
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Since
M, = 0.166kg

then mass of water at partial saturation or mass of water before full saturation is

M, = mM; = 0.20M;
and the mass of water after full saturation is

M, = myM, = 0.23M,

Therefore the amount of water to be added for full saturation of the soil is
M, = 0.23M; — 0.20M;
M,, = 0.03M; = 0.03x0.166kg = 0.00498kg
M, = 4.98g

Example 23:
Dry soil with G; = 2.71 is mixed with 16% of water by weight and compacted

to produce a cylindrical sample of 36 mm diameter and 76mm long with 6% air
content. Calculate the mass of the mixed soil (i.e. the combined mass of water
and soil) that will be required and the void ratio of the sample.

[M =177.274g; e =0.5251]

G, =271
m=16%
d = 38x1073m
h=76x10"3m
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N, = 6%

SOLUTION:

The volume of the sample is
_ md*h
4

and the mass of dry soil is

m=v (0 =" (1)
whereas the mass of water is
M,, = mM;
So that the total mass is
M=M,+M,

Up to this point, the equations necessary for calculating the value of M contain
only one unknown which is the void ratio e, and so before we continue, we will
need to get this value beforehand

Now, from the relationships S, = mGg/e; S, =1—(N,/n) and e =n/(1 —n);

we can deduce that ( as we did in our previous problem above)

_ mG; + Ny
TN,
when S, is eliminated from these equations
Therefore
_mGs+ N, 0.16(2.71) + 0.06 _ 04336+ 0.06  0.4936 0.5251
TN, T 1-006 094 094
e =0.5251
The volume of the sample is
nd*h 1
V= Y Zﬂ(38x10‘3m)2(76x10‘3m) = 2.7436mx10"%m3
= 8.6x107°m3
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V =8.6x10"°m3
Then;

G
M = V( SpW) = 8.6x10—5m3<

1+e 1+ 0.5251 1.5251

2.71x1000kgm—3> _ 0.23306kg
= 0.15281kg
M, = 0.15281kg

The mass of water is,
M,, = mM; = 0.16x0.15281kg = 0.02445kg
M, = 0.02445kg

So, the total mass is

M = M, + M,, = 0.15281kg + 0.02445kg = 0.17727kg

Therefore

M=177.27g; e =0.5251

Example 24:

A moist clayey soil has initial void ratio of 1.5, dry mass of 80gm, and specific
gravity of solid particles of 2.5.The sample is exposed to atmosphere so that the

sample volume decreases to one half of its initial volume . Calculate the

following:
a) The new void ratio.
b) Mass of water if degree of saturation became 25 %.

[e; =0.25; M,, = 2g]
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M, = 80g

G, = 2.5
V,=V

v, =ty
F=2

S. =25%
SOLUTION:

Note: Depending on your approach while solving this problem, you can also
calculate the initial volume V; but solving this problem does not necessarily require
you to know the exact value of V;

You can therefore find the initial volume V; using the relationships

Ms;  Gspy Mg Gspy
%

pd:Vi_l‘Fei Vi_1+ei

From which we finally get
GsPw
_80.0g(1+1.5) 200

= =2 —80cm?
[T 250x1.0g/cm3 250 o

And the final volume is therefore

1 3
Vy =5 Vi = 40m

The initial void ratio is 1.5. Therefore, the volume of solids (which normally does
not get affected by the compaction or shrinkage processes), can be calculated as
follows:

i — Vs

V,
ei=7”=1.5=> =15=V; = 2.5V,
S

S

It is also given from the question that
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1 1

(a) The final (new void ratio) is therefore
ViV, 125V, -V
STV, T,

S S

= 0.25

(b) the mass of water when S,. = 25% is therefore

S.e =mGs = FV:GS =M, = Srwa
0.25x0.25x80.0g
W 2.50 =209
M, =2.0g

Example 25:
By using the details provided and/ data obtained by calculation in Example 24

above, determine:
(a) The total volume as well as the volume of voids and of solids before
and after exposure of the soil to the atmosphere.

(b) How do the values in (a) above compare? Why?

e; =15

ef = 0.25
V; = 2.5V
Ve = 1.25l;
M, =80g
Gy = 2.5
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SOLUTION:
The volume of solids

(a) Case 1: Before exposure to the atmosphere
Mg 80g
Gsp, 2.5x1gcm=3

= 32cm3

S

V; = 2.5V, = V; = 2.5x32cm3 = 80cm?
V.=V, +V, = 80cm3 =32cm3 +V, = V, = 48cm?3
Therefore, before exposure to the atmosphere:
V =80cm3; Vy, = 32cm3; V, = 48cm3
Check here to see that the initial void ratio V,,/V, = 48/32 = 1.5 as originally

stated in the question

Case 2: After exposure to the atmosphere

The final volume is

V—180 3 = 40cm3
r =~ x80cm? = 40cm

However, under this case, there is a change of void ratio only attributed by the
changes in the amount of water formerly present in the soil but which later
escaped into the atmosphere through radiation; thereby affecting the void ratio
but without having any effect on the volume of solids. Therefore

V, = Vp =V, = 40cm® — 32cm® = 8cm?
Hence after exposure to the atmosphere:

V=40cm3; V, = 32cm3; V, = 8cm3
Check again here to see that the final void ratio V,/V, =8/32 = 0.25 as

previously calculated in question number 24
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(b) The value of the volume of solids remains unaffected in both cases

whereas the rest of the values change. This is because the volume of

solids are normally unaffected by such a situation as exposure of the soil

to the atmosphere whereas the rest of its parameters do

Alternatively:

We can use the total volumes (before and after exposure), to calculate the value

of V; or VU, in the following manner; that is:

(a) Before exposure

ifVy=1 when V=1+¢; =2.5
then;
whatis V? when V = 80cm?3
_1x80 80

V. = = = 32cm?
 1+4+e 1+150 cm

=V, =32cm3; V, = 80cm3® — 32cm?® = 48cm?

(b)  After exposure

if V=1 when V=1+e;=1.25
then;
whatis V? when V =40cm3
- 1x40 _ 40 — 32em?
 1+4+e 1+0.25
=V, =32cm3; V, = 40cm3 — 32cm?® = 8cm3
Example 26:
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A 110 cm? sample of wet soil has a mass of 212 g and a degree of saturation of
100%. When oven-dried, the mass is 162 g. Determine its dry density, water
content, void ratio, and the specific gravity of the soil particles.

[pg = 1472.72kg/m3; m = 30.86%; e = 0.83; G, = 2.70]

V = 110 cm?
M=212g
M,= 162 g

S, = 100% or S, =1

SOLUTION:
Dry density:
MS
Pa = A
_162.0g 3
Pg = T10em=3 = 1472.72kg/m

pq = 1472.72kg/m3

Water content:

m = MS
_ My _2120-1620 50 _ oo oo
=M, T 1620 162 OO0 T oNORA
m = 30.86%

Void ratio and Specific gravity:

From the relationship (for dry density)
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_Ms _ Gspw
Pa=y T T¥e
162  1xGg
TI10 1+e
Also; from the relationship for saturated density
_ M (Gs+e)py
Psat = V 1+e
212 1xG 1xe .
110 1+e 1te ()

This is a simultaneous equation in e and G. Subtracting equation (i) from (ii), we

get

— e d = e d =
1+ e 110 1+e 11 1+e

212 162_( G, s e) Gs 50 e 5 e
110 110 \14+ e 1+e

5
:5(1+e)=1le=>6e:5=>e=g=0.83

e=0.83
Going back to any of our equations above and substitute this value of e we get

162 G 81  6G; 81x11 27
110

~ .5 55 6+5 "= 6x55  2x5
6

=2.70

Therefore
G, =2.70; e =0.83
Note: This part of the problem is similar to sub-part (a) in EXAMPLE 21 above.

Alternatively:

You can make G, a subject in relationship (i) above
_ M;(1+e)
TV
162(1 +e)
ST T 1x110

Then thereafter, substitute this value of G in the expression e = mG; to get

S

111



162(1 + e) 016 (1620 +0)
= — | =e=0. .
€=M\ T 1x110 € 1x110

With only one unknown we find this value of e, and then we go back to the

relationship

_162(1+e)
ST 1x110

where we can insert in this value, and obtain the remaining value G

Example 27:

A sample of moist soil was found to have the following characteristics:
e Volume 0.01456 m3 (as sampled)
e Mass 25.74 kg (as sampled)
e 22.10 kg (after oven drying)
e Specific gravity of solids: 2.69
a) Find the density, dry unit weight, void ratio, porosity, degree of saturation
for the soil.
b) What would be the moist unit weight when the degree of saturation is
80%?
[p =1767.86kg/m3; y; = 15.18kN/m3; e = 0.7722; n = 0.4356;
S, = 57.37%; ¥go = 18.66kN/m* |

V =0.01456 m®
M = 25.74 kg
M, = 2210 kg
Gs = 2.69
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SOLUTION:

a) Density, dry unit weight, void ratio, porosity, degree of saturation for the

soil.
Density:
M
Py
_ 25.74kg 3
P = 001456 m3 1767.86kgm

p =1767.86kgm3

Dry unit weight:

=g Ms9
Ya = Pa9 v
22.10kgx10ms? _
Vg = = 15.18kNm™3

0.01456 m3
¥4 = 15.18kNm™3

Void ratio:
e = (Gs]/w> -1
Va
o= <2.69x10kNm‘3> _1=07722
15.18kNm=3 '
Porosity:
e
n= 1+e
0.7722
n= 1707722 = 0.4356
n=0.4356
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Degree of saturation:

o = () G

e M e
g - (25.74 kg —22.10 kg)( 2.69 ) _ ( 3.64kg )( 2.69 ) _ 9.7916
’ 22.10 kg 0.7722 22.10 kg/ \0.7722 17.06562
= 0.5737 = 57.37%
S, =57.37T%

b) The moist unit weight when the degree of saturation is 80%

G. + 0.8e
v(S, =80%) = (G 1T o Wi =y, + 0.8ny,,

Yy =vyq4 + 0.8ny,
y = 15.18kNm=3 + 0.8(0.4356)(10kNm‘3) = 15.18kNm~3 + 3.4848kNm3

= 18.66kNm™3
y = 18.66kNm™3

Example 28

Given that mass of wet sample = 254g, void ratio = 0.6133, volume of air
=1.9cm3, mass of solid =210g. Determine the degree of saturation, air content
and the dry unit weight.

[S, = 95.86%; N, = 1.574%; v, = 17.40kN/m3]

M = 254g
e =0.6133
V, = 1.9cm3
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M, = 210g

SOLUTION:
%4 M M—-M M —
Sr=7:’;VW=pVV:= . SV, =V, +V, = . StV =V, +V,
_M_Ms+pwVa
Pw
M — M, M — M,
=>S—( Pw )_ ( Pw ) — M — M
T v, +V, (M - M + pwVa) M- M, + p,V,
Pw
M — M
S, =
M_Ms+pwVa
254g — 210g

= 0.9586 = 95.86%

S =
" 2549 —210g + 1gcm~3(1.9cm™3)
S, = 95.86%

Alternative wayl:

First, find the value of the total volume and thereafter, that of the specific gravity.

V=V.+V, =V, +V, +V,

V, = 1.90cm?
M 254g — 210
v, =—2= J _3g=44cm3
Pw 1lgem
v, = 44cm3
Also,
|4 v, V,+V
7”=e, V, =V, + Vg =>VS=?U: We a
S
W, +V,

115



L _AAt190
sT 706133 ' orm

V, = 74.84cm3
Then, the total volume is
V=V+V,+V,=190cm3 + 44cm=3 + 74.84cm3 = 120.74cm3
V =120.74cm3

The dry unit weight is given by the relationship:

_ Gspyy M _MS<1+e)
17 14e "V ST v\ p,
G = 210g (1 + 0.6133) 2806
S 120.74cm3 \ 1gem=3 ) 7

G, = 2.806

Now, having these two values known, the degree of saturation can then be
calculated using the popular relationship S, e = mG;, that is:

S maGg M — M S (M — MS) (GS>
= . = el = —
T e T T, r M, )\e

g (254—210)(2.806)_ (44)( 2.81 )—09278—960‘V
=\ 210 /\0.6133) ~ \210/\0.6133/ ~ TN T T

S, = 95.86%

Alternative way2:

With a known total volume of soil xxx, the equations below to can be used to
determine the degree of saturation of the soil

Also;
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e v, e
Na=n(1—S-,-)=1—+e(1—5-,.)=>7=1—+e(1—5r)=>5r

-1-(7) ()

From above, V = 120.74cm3

= 0.9586

1.90cm3 (1 + 0.6133> 1 3.06527cm3
120.74cm3 0.6133 /) 74.05m3

= 95.86%

=>5r=1—<
S, = 95.86%

Air content:

e
Ny, =n(1-S5,) :1—+e(1_5r)

N, = 0.6133 (1 —0.9586) = 0.015738 = 1.574%
@~ 16133 ' - TR
N, =1.574%
Alternatively:
Vv
N, = 7“
No= M 00% = 1.574%
@ =120 74cm3 00T RN
N, =1.574%

Dry unit weight:

At this stage, we already know the total volume as V = 124.04cm3 because it

was calculated from above.

The dry unit weight is therefore
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M, 210g

Ya = 7

V — T30 7403 — 1,7393gcm3 = 17.40kNm3

Ya = 17.40kNm™3

Example 29:

A soil specimen is 38 mm in diameter and 76 mm long and weighs 168 g in its
natural condition. When dried completely in an oven the specimen weighs 130.5
g. If G = 2.73, what is the degree of saturation of the specimen? [S, =
97.59%]

Given:
Specimen diameter, d = 38mm

Specimen height, h = 76mm

M = 168g
M, = 130.5¢
G, = 2.73
SOLUTION:

The degree of saturation is given by the relationship

Vv

s=X2
Vo

Therefore, in this problem, we will need to know both the volumes of voids
(water or air) and solids, as well as the total volume of the sample

The total volume of the cylindrical sample is given by the relationship
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V=nr’h;, r===V =—-nd?h

1
V= Zn(38x10‘3m)2(76x10‘3m) = 8.6227x107°m3

V =28.6227x10"°>m3

The volume of water in the sample is

M, M — M,
VW = =
Pw P
0.168kg — 0.1305kg _ 0.0375
= = = 7 1 =513
i 1000kgm=3 Toop ™ = 375x107m

V,, = 3.75x107°>m?
The volume of solids is

v Mg 0.1305kg
ST Gepy  2.73(1000kgm=3)

= 4.78x10"5m3

V, =4.78x10"°>m3
The volume of voids is therefore V,, = V — I, and finally:

% v,

= —W =
TV, V-
S = 3.75x107m’ = >’ 097586 = 97.59%
T 8.6227x1075m3 — 4.78x105m3 = 3.8427 - 770
S, =97.59%
Alternatively:
mG
S, = , >
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= — 1, _—— = —
e ATV T TN, M,
VGgp,, — Mg B M — M
‘T, T,
maGy M — M M (M — M,)G
s = () ) -
e Mg VGgpy — M VGspy, — M
Therefore

S = (M - MS)GS

" VGspw — M;

S (0.168kg — 0.1305kg)(2.73)

T

~ (8.6227x1075m3)2.73x1000kgm 3 — 0.1305kg
0.0375kg(2.73) _ 1.02375kg

- - = 0.9759 = 97.599
0.2354kg — 0.1305kg  0.1049kg o

S, = 97.59%

Note: It is not necessary that you should use this approach of directly substituting
in the given values in this later expression of S,. because it is also possible that you
can separately, first calculate each unknown individual value required in getting
S, as follows:

estpw_l;
Pa
M- M
m = MS

Then after getting e and m, you finally substitute them in the expression
S, =mGg/e

Example 30:
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A soil sample has a dry weight of 2.42kg and its specific gravity is 2.70. What is
the volume of solids in the soil? [V, = 8.963x10 *m3or 896.3cm?]

Example 31:

A 100% saturated soil has a density of 2050 kg/m* and water content of 25%.
What are the dry density and density of the solids (p) of the soil?

[pa = 1640kg/m3; p, = 2779.66kg/m3]

Given:
p = 2050 kg/m3
m= 25%

S, = 1 (Soil fully saturated)

SOLUTION:
pa = p/(1+m)
_ 2050kgm™ 640k am=>
Pa="97025 gm

pq = 1640kgm=3

In order to get the value of the density of solids, we first need to know the value

of the specific gravity. We can calculate this value using the two equations below:
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S, =1; S,e =mG; = e = mGg

_ Gspw __Gspw
Pa =1 e = Pa= T maG,
so that
G, =—PL
Pw — Mpy
Finally ps = Ggp,,
pg = PaPw
* pw —mpy
_ (1640kgm~3)(1000kgm™3)  (1640000kgm=3)(1kgm™)
Ps = 1000kgm=3 — 0.25(1640kgm—3) _ 590kgm=3
= 2779.66kgm™3
ps =2779.66kgm™3
Example 32:

What is the saturated density of soil whose dry density is 1700kg/m3? Assume
ps = 2710 kg/m3

[Psar = 2072.69kg/m3]

Given:
pg = 1700 kg/m3
pe = Gp, =2710 kg/m? = G, = 2.71

S, = 1 (Complete saturation)

SOLUTION:
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Psat = Pa T NPw

ep
Psar = 1700 kg/m3 + 1—+We

Now, since e is not known, we then express it in terms of the other known or
given parameters, as the dry density is known. Therefore from

Dy = GsPw =>e=Gspw_pd =Gs,0w_1
“T1+e Pd Pd
Therefore
epw

Psar = 1700 kgm™3 +

1+e

Consider the second term of py,; above, which is

epw (Gspw - pd) (pwpd) _ GsPw — Pa

1+e - Pa Gspw Gs
epy _ 2710kgm=3 —1700kgm=> 1010kgm™ _ s
“1te 2.71 =g 372:69%kgm

Hence

epy

= 372.69kgm™3

1+e gm

Therefore

_ —3 , fPw _ -3 -3
= pPgar = 1700 kgm™> + T1e- 1700 kgm™° + 372.69kgm

= 2072.69kgm™3

Psar = 2072.69kgm™3

Example 33:
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The volume of water in a sample of moist soil is 0. 056m3. The volume of solids
V, is 0.28m3. Given that the density of soil solids p, is 2590kgm 3, find the
water content of the sample. [m = 7.72%)]

Given:
V,, =0.056m3
V,=0.28m3

ps = 2590kgm 3 = G, = 2.59

SOLUTION:
m = MS
Vwp
My = ViGspus My = Vypy = m =70 =
"G,
___0056m> 0.0772 = 7.72%
M= 028m3)(259) AT AR
m=17.72%
Example 34:

A soil sample is contained in a tube. The tube has a weight of 1.15kg. The weight
of soil and the sampler tube is 2.07kg. After extruding the sample from the tube
and oven drying, it was found to have a dry weight of 0.27kg. Determine:

(i)  The moisture content of the sample [m = 240.74%)]
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(ii)

(iii)

Given:

If the soil’s theoretical saturation moisture content is 262.3%, what is

the percentage degree of saturation of the sample as per the value of
the moisture content obtained in (i) above? [S,, = 91.78%)]

A moist sample specimen of soil has a volume of 0.0011 cubic metres
and weighs 1.20kg when in a moist state and it weighed 1.0kg after
oven-drying. Determine both its moist and dry unit weights
[y = 10910N/m30r 10.91kN/m3 ; y; = 9091N/m30r 9.091kN/

m3

Weight of sampler, W = 1.15kg

Weight of soil and sampler, Wsrs = 2.07kg

M, = 0.27kg

M =2.07kg — 1.15kg = 0.92kg

SOLUTION:

(i)

(ii)

Moisture content:

M,

m=MS

 0.92kg —0.27kg _ 0.65

= = 2.4074 = 240.749
0.27kg 0.27 o

m

m = 240.74%

Percentage degree of saturation of the sample when m =
240.74%
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To solve this problem, we use our usual mathematical trick, that is:

ifS, =100% when m = 262.30%;
then; whatis §,.? when m = 240.74%?7 ]
5 = 100%x240.74% — 91.78%
262.30%
S, =91.78%
(iii) Given information:
V =0.0011m3
M = 1.20kg
M, = 1.0kg
Moist unit weight:
Mg
Y=

_ 1.20kgx10ms=2 _ 12.0kgms™?
V' =""00011m3  0.0011m3

y = 10.91kNm™3

= 10909Nm~3 = 10.91kNm™3

Dry unit weight:

Msg
4

Ya =

_ 1.0kgx10ms=2 _ 10.0kgms™?
Ya = "00011m® _ 0.0011m3

Yqa=9.091kNm™3

= 9090.91Nm™3 = 9.091kNm™3
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Example 35:

A saturated soil sample weighs 184g and it weighed 126g after it was oven
dried. If the volume of the sample is 105cc, calculate:

(a) the water content [m,; = 46.03%]
(b) The saturated unit weight[ [V, = 17.52kN/m3]
(c) The buoyant unit weight [y’ = 7.52kN/m?3]
[Hint: ¥' = V5o — Vol
(d) The dry unit weight of the sample [y; = 12.0kN/m3]

Given:
M = 184.0g = 0.184kg
M, =126g = 0.126kg

V = 105cm3 = 1.05x10"*m?3

(a) Moisture content

M,,
Mgqr = Vs
_ 0.184kg — 0.126kg _ 00.058

0.126kg ~0.126

m = 0.4603 = 46.03%

Mgy = 46.03%

(b)  Saturated unit weight

Vsat =
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0.184kgx10ms—2

1.05x10~-4m3 17523.8Nm™3 = 17.52kNm™3

Vsat =

Ysar = 17.52kNm3

(c)  The buoyant unit weight, y’

The buoyant unit weight is simply the difference between the saturated unit
weight of soil and the unit weight of water. Therefore

Y = Vsat — Yw
¥ =17.52kNm=3 — 10.00kNm™=3 = 7.52kNm™3

y' =7.52kNm™3

(d) The dry unit weight of the sample

Ysat 17.52kNm™3
Ya = =

= = = 12.0kNm™3
1+myy 1+ 04603 m

Yqa = 12.0kNm™3

Example 36:

A sample of saturated clay was placed in a container and weighed. The weight
was 6N. The clay and its container was placed in an oven and dried for 24 hours
at 105°C. The weight was reduced to 5N. The weight of the container is 1N. If
G, = 2.7, determine:

(a). Water content.
(b). Void ratio.

(c). Saturated/ moist unit weight.
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(d). Dry unit weight.
(e). Effective unit weight (Submerged unit weight).
[m=25%; e =0.675; Ysq = 20.15kN/m3; y, = 16.12kN/m3,

vy’ = 10.15kN/m3]

W, = 6N
W, = 5N
W, =1N

W=5NW=W,—W,=6—1=5N)
W,=4N(W,=W,—-W,=5—1=4N)
G, =2.70

S, = 1;(soil fully saturated0

SOLUTION:

(a) Moisture content:

W
_ON AN o5 = 250
m = 4N = VU. = . 0
m=25%

(b) Void ratio:

S, =1= e =mG;
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e = 0.25x2.70 = 0.675

e=0.675

(c) Saturated/ moist unit weight:

_(Gs+ ey
ySClt - 1 + e -
_ (270 + 0.675)(10kNm=3) B 33.75kNm™3 — 20.15KkNm->
Vsat = 1+0.675 ST 1e75  cooem
Ysar = 20.15kNm 3
(d)  Dry unit weight:
_ Gshw
Ya 1+e
2.70x10kNm=3 27.0kNm™3
Ya = = = 16.12kNm™3

140675  1.675
¥q=16.12kNm™3

Alternatively:

Since the saturated unit weight is known, we can use the saturated unit weight to
determine the dry unit weight as follows:

€Yw
Ysat =Ya T MWVw = VYa = VYsat — M"Yw = Vsat — 1__|_e
€Yw
Ya = Vsat — 1+e

From above, Y44 = 20.15kNm™3

Therefore we need to find the value of ey, /(1 + e) and then subtract it from
Ysae tO get the value of y,4, that is:
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e¥w _ 0.675x10.0kNm™  6.75kNm~>
14+e 1+ 0.675 ~ 1.675

€Yw
1+e

= 4.02985kNm—3

= 4.02985kNm3

Hence

24% _3 _3 3
Ya = Vsat = 7 e 20.15kNm™> — 4.02985kNm™> = 16.12kNm

¥Yq=16.12kNm™3

(e) Effective unit weight (Submerged unit weight).
Y =Vsat — Yw
y' = 20.15kNm~3 — 10.0kNm~3 = 10.15kNm 3

y' =10.15kNm™3

Example 37:

Soil has been compacted in an embankment at a bulk unit weight of 2.15t/m’
and water content of 12%, the solid particles of soil having specific gravity of
2.65. Calculate the dry unit weight, degree of saturation, and air content.

Ya=19.20kNm™3; S, =83.64%;N, = 4.51%

Given:

y = 2.15t/m3 = 2150kg/m3x10m/s* = 21.5kN /m3

m=12%
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G, = 2.65

SOLUTION:

Dry unit weight:

_ 14
1+m

Ya

B 21.5kNm™3 B 21.5kNm™3

= -3
Va=Tio1z - 11z - 19:20kNm

Ya = 19.20kNm™3

Degree of saturation:

mG, (Gsyw> GV — Va
Sy = ;e = 1 =Istw 7d
¢ Ya Ya
mG
— S,r = mGS ( Ya ) — sVd
Gsyw —VYa GS)/W — Y4
s = 0.12x2.65x19.20kNm 3 _ 6.1056 _ 0.0.83638 83,649
" 2.65x10.0kNm=3 — 19.20kNm=3 ~ 730 = 83.64%
S, =83.64%
Air content:
e G G _
Na=7’l(1—5r);n= ;e = Syw_lz shw — Va
1+e Y Ya
(Gs)/w — Vd)
__° _ Ya _ GsYw — VY
n - - —
1+e Gsyw Gsyw
Ya
GsYw — Va
=N ZGL___JO_S)
¢ GsYw r
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v = 2.65x10.0kNm~3 — 19.20kNm ™3
a- 2.65x10.0kNm=3
_ ( 7.30kNm™3

) (1 -0.0.83638)

N, =4.51%
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FURTHER WORKED EXAMPLES (GUIDED EXAMPLES)

Example 38:

In its condition a soil sample has a mass of 2290 g and a volume of
1.15x103m3. After being completely dried in an oven, the mass of the sample
is found to be 2035g. If G; = 2.68, determine the bulk density, unit weight,
water content, void ratio, porosity, degree of saturation and air content.

M = 2290g
M, = 2035g
Gs = 2.68

V =1.15x1073m3

Solution:
e Bulk density, p = 1991kg/m?3
e Unit weight y = 19.91kN/m3
e Water content, m = 12.5%
e Voidratioe = 0.514
e Porosity,n = 0.34
e Degree of saturation, S = 65.20%

e Aircontent, N,=n(1—-S5) = 0.34(1-0.652) = 0.12

Important hints:

p=M/V
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m = (M,,/M;)x100%

Y =19
e = (Gspw/pa) — 1
n=e/(1+e)

= mGg/e

Sr
No=n(1-S5)

Example 39:

A moist soil has these values:
e V=17.08x10"3m3
e M = 13.95kg
e m=9.8%
* G, = 2.66.

Determine the bulk density, the void ratio, the porosity, degree of saturation,
the air content, the volume occupied by water as well as the volume of solids

Solution:
e p=1970.3kg/m3

e p;=1794.4kg/m3

e e=0.48
e n=0.32
e S=543%
e N,=0.15
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e V, =0.00125m3

e V,=0.00583m3

Important hints:

p=M/V
pa= p/(1+m)
e = (Gspw/pd) -1

S, =mGg/e

N,=n(1-29)

| 4% :Mw/pw
M, =M — M,
M;=M/(14+m

Vy, = [M_ (1 _I_m)]/pw

VS =MS/GSpW

Example 40:

In the natural state, a moist soil has a volume of 0.0093m3 and weighs 177.6
N. The oven dry weight of the soil is 153.6 N. If G; = 2.71, calculate the
moisture content, moist unit weight, dry unit weight, void ratio, porosity and
degree of saturation.

Given:
V =0.0093m3

W =177.6N
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W, = 153..6N

G, = 2.71

Solution:
e m=15.6%
e ¥y=19.1kN/m3

e y;=16.52kN/m3

e e=0.60
e n=0.375
e §=70.46

Important hints:

m= W, /W,)x100%
y=Ww/v

Ya=Ws/V

e = (GsYw/¥a) —1
n=e/(1+e)

S, =mGg/e

Example 41:

A soil specimen has a volume of 0.05 m3 and a mass of 87.5kg. If the water
content is 15% and specific gravity is 2.68. Determine the void ratio, porosity,
dry unit weight, saturated unit weight and the degree of saturation.
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Given:

V =0.05m3
W = 87.5kg
m = 15%
G, = 2.68
Solution:
e e=0.77
e n=0.43

y = 15.14kN/m3

Ysar = 19.49kN/m3

S, = 52.20%

Important hints:

p=M/V
pa = p/(1+m)
e = (Gspw/pa) —1
n=e/(1+e)
Ya = Gs¥Yw/(1+e)orsimply y4 = pag
Vsat = [(Gs+e)yy]/(1 +e)
Sy = mGg/e
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Example 42:

A soil specimen has a void ratio of 0.7. Given that G; = 2.72, calculate the dry
unit weight, bulk unit weight and the water content at the degree of saturation
of 75%.

G, = 2.72
S, =75%
Solution:
e y;=16 kN/m3
e ¥y=20.11 kN/m3

® Mg_759, = 19.30%

Important hints:

Ya = GSYW/(]' + e)
Vsat = (Gste)y, /(1 +e)
Vsat=75% = (Gs+59)yw/(1 + e)

Vsat=75% — (Gs+0.75e)y,, /(1 + e)

YSat=75%> -1

Mg_750, = (
Ya

Example 43:
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The moisture content of saturated clay is 160.0 %. If the specific gravity of the
soil is 2.40, what are the wet and dry densities of the saturated clay?

Given:
m = 160%
G, = 2..40

S, =1
Solution:
e p=1289 kg/m?3

e pg=496kg/m3

Important hints:

Here e = mG, and therefore

_ (Gste)py _ (GsH+mGs)py
Psat 1+e 1+ mG;

_ Gspw _ GsPw
Pd = 1 e~ 1+ maG,

Example 44: (HIGHLY RECOMMENDED FOR REVISION)

A saturated sample of clay has a volume of 0.224x10™* m> and weighs 0.0367 kg.
After oven drying, the volume is found to be 0.140x10™* m®. The weight of dry
soil is 0.0232 kg. For the soil in its natural state, find:

(a) Water content
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(b)Specific gravity
(¢) Void ratio
(d)Saturated density

(e) Dry density

(9]
®

iven

= 0.224x10"*m3

|4
V, = 0.140x10~*m3

e m=58.18%,

e G,=2.684

e e=1.512

* pour = 1638kg/m3

e p;=1036 kg/m3

Important hints
m = M;/M,,
M, =M — M
pa = Ms/V
Psat = M/V
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Now find n first using the relationship
Psat = Pa T NPy Then;
e=n/l—n

Note that:

_ (Gst+e)py,  Gspy, N +epy,

Psat = 1te 1+te 1+e=pd+npw

Finally, calculate G, either from pg;, psq:0r from the popular relationship
G; = S,e/m

Example 45:

A soil specimen with a volume of 0.60x10*m> weighs 0.105 kg. Its dry weight is
0.0802 kg, and G is 2.65. Compute the following:

(a) Water content
(b) Void ratio and porosity

(c) Degree of saturation

e V=0.60x10"*m3
e M=0.105kg
e M, =0.0802kg

e G,=2.65

Solution:
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m=31%

e = 0.982
n = 0.495
S. = 84%

Important hints:

m= M;/M,,
M, =M — M,
pa = Mg/V

Therefore compute e from the relationship

_ My Gspw
Pa=V T 1+e

Finally;

S, =mGg/e

Example 46:

A soil has a bulk density of 1810 kg/m®. The moisture content was found to be
16.1 %. Assume G = 2.7, find:

(a) Void ratio
(b) Dry density

(c) Degree of saturation

Given:
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p = 1810 kg/m3
m = 16.10%

G, = 2.70

Solution:
e ¢=0.731
e p;=1559 kg/m3

e S.=59.47%

Important hints:

Since p = (1 + m)Gp,,/(1 + e) then
pa = p/(1+m);

e = (Gspw/pa) — 1
S, =mGg/e

Example 47:

A saturated soilhasm = 25%ande = 0.6725. Find:
(a) Specific gravity

(b) Saturated density

Given:

m = 25%
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e = 0.6725

S, = 1; since the soil is fully saturated
Solution:
e G;,=2.69

® pPour =2010.50kg/m3

Important hints:

G; = S,.e/m and hence
G; =e/m;since S, =1

Psar = (Gs +e)p,, /(1 + e)

Example 48:

A sand has a porosity of 45% and G, = 2. 65 . Find:
(b)e
(c) pg and pgy,
(d) pyer if S, = 30%

Given:
n = 45%
Gg = 2.65
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Solution:
e ¢=0.818
* p;=1457kg/m3
® P = 1907kg/m3

* pPuyet = p =1592.62kg/m?3

Important hints:

e=n/(1—n)
_ Gspw
Pa 1+e

Psat = Pd T NPy

G.+eS
Pwet = P = ( 51 +;)pw = pgq + 030npw, Sr = 30%
Example 49:

A 1m?3 volume of dry soil has a mass of 1.7tons (1ton=1000kg). The water
content is 20%, and G; = 2.70. Find:

(a) eand n

(b) pin kg/m3

Given:
V =1m3
M = 1700kg
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m = 20%

G, = 2.70

Solution:
e e¢=0.587
e n=0.37
e ps=1700kg/m?3

e p=2040kg/m3

Important hints:

pa = Ms/V

pa = Gspyw/(1 +e) = Ms/V
e = (Gspw/pa) — 1
n=e/(1+e)
p=Ms+My)/V

M,, = mM;

Example 50:

A 5.80x10"m? volume of soil weighs 1.1 kg and its dry weight is 1.01 kg. If
G, = 2.67;find:

(a)e,n.m

(b) p and p4 in kg/m>
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V =5.80x10"*m3
M = 1.10kg
M, = 1.01kg

G, = 2.67

Solution:
e e=0.534
e n=0.348
e m=8.91%
e p;=1741kg/m3

e p=1897kg/m3

Important hints:

m= M;/M,,; M,, = M—M;
pa = Ms/V

e = (Gspw/pa) — 1
n=e/(1+e)

p =pa(l+m)

Example 51:

A water content test was made on a sample of silty clay. The weight of the wet

soil plus container was 17.53 g, and the weight of the dry soil plus container was
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14.84 g. Weight of the empty container was 7.84 g. Calculate the water content
of the sample.

Solution:

MOISTURE CONTENT DETERMINATION EXPERIMENT

Weight of container + wet soil (g) 17.53 (A)
Weight of container + dry soil (g) 14.84 (B)
Weight of empty container (g) 7.84 (C)
Weight of wet soil (g)= A-C 9.69 (D)
Weight of dry soil (g)= B-C 7.0 (E)
Weight of water (g)= D-E 2.69 (F)
Moisture content, m = [(D — E)/(B — C)]x100% 38.43%
E
m = (f) x100

Example 52:

A sample of fully saturated clay weighs 1.35 kg in its natural state and 0.975 kg
after drying. If the specific gravity of the solid is 2.7, what is the natural water

content of the soil? Compute also the void ratio, the porosity, the wet density
and the dry density?

Given:
M = 1.35kg
M, = 0.975kg

G, = 2.70
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S, = 1; since the soil is fully saturated

Solution:
e m=38.50%
e e=1.04
e n=0.51
* pour = 1833kg/m?3

e ps=1323.50kg/m3

Important hints:

m= M/M,,; M,, = M—M;
e =mG,/S,
n=e/(1+e)
p=(Gs+e)py/(1+e)

pa =p/(1+m)

Example 53:

The dry density of compacted sand is 1820 kg/m?® and density of the solids
(G5 x p,,) is 2670 kg/m>. What are the density and water content of the soil
when saturated?

Given:

pg = 1820 kg/m3
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Gpyy = 2670kg/m3

and S, = 1 at full saturation
Solution:
e m=17.50%

e p=2138kg/m3

Important hints:

Using the relationship p; = Ggp,, /(1 + €) where e = mG, at saturation, then
pPa = Gspy, /(1 +mGs) so that

m = (Gspw — Pa)/Gs pa; then

p =pa(1+m)or
p=(Gs+e)p,/(1+e)

Psat = (Gs + mGg)p,, /(1 + mGs)

Example 54:

A dry sand sample has a density of 1680 kg/m®. Determine its density when the
degree of saturation is 75%. The density of solids for quartz is 2650 kg/m’>

Given:
pg = 1680 kg/m3

ps = Gsp,, = 2650 kg/m3 ; implying that
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G;, = 2.65
Sy =75% or 0.75
Solution:

e p=1955kg/m3

Important hints:

From p; = Gsp,,/(1 + e) then

e = (Gspyw — Pa)/Pa; so that, for 75% partial saturation

Ps=75% = P = (Gs+0.75¢)p,, /(1 + e)

Example 55:

The dry density of a soil is 1650 kg/m> and the solids have a density of 2680
kg/m?®. Find the following when the soil is saturated.

a) Water content,
(b) Void ratio

(c) Total density when the soil is saturated.

pg = 1650 kg/m3
ps = Gsp,, = 2680 kg/m?3 ; implying that
G, = 2.68

S, = 1 since the soil is saturated
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Solution:
e e=0.62
e m=23.30%

® Psar = 2034kg/m?

Important hints:

From pg = Gsp,, /(1 + €) then

e = (Gspw /pq ) — 1; so that at full saturation
m=e/Gq

m = (Gspw/pq ) — 1xGs and

p = pa(1+ m); or simply

Psar = (Gs+e)p, /(1 +e)

Example 56:

A natural deposit of soil was found to have a water content of 20% and to be
90% saturated. If G, = 2.7, what is the void ratio of this soil?

Given:
m = 20%
G, =2.70

S, =90% or 0.90

Solution:
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e ¢e=0.60

Important hints:

S, =0.90

e = mG, /S,

Example 57:

The void ratio of clay soil is 0.5 and the degree of saturation is 70%. Assuming
the density of the solids is 2750 kg/m>; compute

(a) the water content and

(b) dry and wet densities.

Given:
e = 0.50
ps = 2750kg/m3; implying that G, = 2.750

S, =70% or 0.70

Solution:
e m=12.73%
e p,=1833.33kg/m3

e p=2067kg/m3
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Important hints:

m=S,e/G;
pa = ps/(1+e)
p = pa(1+ m) orsimply

p = (G5 +eS,)/(1+e); where S, =0.70

Example 58:

A soil has a bulk density of 1910 kg/m® and a water content of 9.5%. The value
of G is 2.70.

(a) Calculate the void ratio and degree of saturation of the soil.

(b)What would be the values of density and water content if the soil were
fully saturated at the same void ratio?

(a)Given:
p =1910kg/m3
m = 9.50%

G, = 2.70
Solution:
e e=0.55

o S, =46.81%

Important hints:
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e = (Gspw/pa) = 1; pa = p/(1+m)

S, =mGg/e
(b) Given:

e = 0.55
S,=1

Psat =7

m =?

_(Gs+eSp)py  (Gs+e)py

Psat = 1+e T 1+4e
_Se e
"6, TG,

® Psar = 2097kg/m?

e m=20.37%

Example 59:

Calculate the dry unit weight, the saturated unit weight and the buoyant unit
weight of a soil having a void ratio of 0.70 and a value of G of 2.72.

Calculate also the unit weight and water content at a degree of saturation of
75%.

Given:

e =0.70
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G, =2.70

Srl == 1
Sy, =0.75
Solution:

e y;=15.88kN/m3
® Vour = 20kN/m3

* Ybouyant = yl = 1OkN/m3

When S, = 0.75
e y=18.97kN/m?3
e m=19.44%;

(Note that g = 10m/s?)

Important hints:

Ya = Gsvw/(1+¢e)

Ysat = GsYw(1+e)/(1+e); S =1

— ) —
Yvouyant =V = Vsat — Yw

For S, =0.75

y = (Gs +eS)v /(1 +e)

m = S,e/Gg; where S, = 0.75
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Example 60:

A sample of saturated clay weighed 1526 gm in its natural state, and 1053 gm
after drying. Determine the natural water content. If the specific gravity of the
solid constituents was 2.70, what is the void ratio, the porosity and the unit
weight of the soil sample?

Given:
W = 1526g = 1.526kg

W, = 1053g = 1.053kg

G, = 2.70

S,=1

m =?

Solution:
e m=145%
e e=1.213
e n=0.55

® Yoar = 17.68kN/m3

Important hints:

m = (W, /W,)x100%; W,, = W — W
e =mGg; S, =1

n=e/(1+e)
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Ysat = (Gs + &)y /(1 + )

Example 61:

A sandy soil is composed of solid constituents having a specific gravity of 2.60.
The void ratio is 0.572. Compute the unit weight of the sand when dry and when
saturated, and compare with the effective unit weight when submerged.

Given:
G, = 2.60

e = 0.572

Solution:
e y;=16.54kN/m3
® Year = 20.18kN/m3

e ¥ =10.18kN/m3

Important hints:

Ya = Gsvw/(1 +e)
Ysat = (Gs + &)y /(1 +e)

)/’ = ¥Ysat — Yw

Note: Unless otherwise stated, some of the problems below should use the value
of G;,as 2.7
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Example 62:

A soil was found to have the following properties: G; = 2.74; e = 0.59 and
m = 14%.

Find:
a. Degree of Saturation
b. Porosity

c. Drydensity

Given:
G, = 2.74
e = 0.59

m = 14%.

Solution:
e S, =65%
e n=0.371

e p;=1723.3kg/m3

Important hints:

S, =mGg/e
n=e/(1+e)

pa = Gspy /(1 +€)
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Example 63:

A wet soil was found to have a volume of 22.3 cm® and mass of 29.7g. The dry
mass of the soil was found to be 23 g.

Find the:
a. void ratio
b. Water content
¢. Porosity

d. Degree of saturation

V =223cm3 = 22.3x107%m3
M =29.7g = 29x10 3kg

M, = 23.0g = 23x103kg

G, = 2.70

Solution:
e m=29.13%
e e=1.62
e n=0.62

e S, =48.60%
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Important hints:

m = (W, /W,)x100%;
pa = Ms/V

Pa = Gspy /(1 +€)

o — Gspw 1
Pa
n=e/(1+e)
S, =mGg/e
Example 64:

A wet soil sample weighs 250g and 160g when dry. What is the volume of water
in the soil, in cc? [V,, = 90cm3]

Example 65:

A wet sample of soil weighs 4.20kg. The same sample weighs 3.65kg when dry.
Calculate its water content of the sample. [m = 15.07%]

Example 66:

A moist soil sample is weighed in a metal container. The sample and container
weigh 126.3g. The empty container weighs 13.6g. After oven drying, the sample
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and container weigh 104.2g. Calculate the water content of the sample.
[m = 8.16%]

Example 67:

A dry soil sample weighs 269g. An amount of water of 27.9g is added to the soil.
What is the resulting water content of the mixture? [m = 10.37%]]

Example 68:

A moist soil sample has a weight of 10.2kg and its volume is 0.008 cubic metres.
If its moisture content was found to be 21.30%, calculate both its moist and dry
unit weights [y = 12750N/m3 = 12.75kN/m3, y,; = 10.51kN/m3]

Hints:
y=W/V

Ya =v/(1+m)

Example 69

A soil sample weighs 126g in its natural condition, has a volume of 62cc and its
water content is 8.62g. What is its dry unit weight? [y; = 18.71kN/m3]

Hints:
y=W/V
Ya=vy/(1+m)
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Example 70:

A soil weighs 16.29kg when moist and its dry weight is 13.10kg. If its volume is
0.0075 cubic metres:

(a)Calculate its void ratio and the porosity, assuming the soil’s specific
gravity is 2.68.

(b)What is the saturated water content of the sample?

[e =0.534; n = 0.348; mg,; = 20%)]

W = 16.29kg
W, = 13.10kg
V = 0.0075m3

G, = 2.68

p=M/V
pa = Ms/Vorp; =p/(1+m)
e = (Gspw/pa) — 1
n=e/(1+e)

msat = e/GS

164



Example 71:

A soil sample has a volume of 953.24cm3 and its moist weight is 1.87kg. The
water content determined by oven drying was found to be 22. 5%. If its specific
gravity is 2. 68 determine its

(i) void ratio

(ii) porosity

(iii) degree of saturation

(iv) saturated water content

[e = 0.6735; n = 0.4025; S, = 89.53%; m,,, = 25.13%]

Given:

V =953.24x107°m3

W = 1.87kg
m = 22.5%
G, = 2.68
p=M/V
pa =p/(1+m)

e = (Gspw/pd) -1
n=e/(1+e)
My, = e/Gg

S, =mGg/e; wherem = 22.5%
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Example 72:

A sample of soil has a volume of 0.016m3 and a weight of 32.4kg when wet
and 28.8kg when dry. If the specific gravity of the soil is 2. 68, calculate:

(i)  The moist unit weight

(ii) The water content

(iii) The dry unit weight

(iv) The degree of saturation of the sample

[y = 20.25kN/m3; m = 12.5%; y, = 18.0kN/m3; S, = 68.52%]

M = 32.4kg
M, = 28.8kg
V =0.016m?

G, = 2.68

Hints:
y=W/V=Mg/V

_ (MM, 100%
m_( - )x b

S

_ Y
Va 14+m
e = (Gsyw/yd) -1
S, =mGg/e
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Example 73:

A block of a wet soil was found to have the following measurements: height
26cm, length 22cm, width 19.70cm. The block weighs 19.50kg and it was found
to weigh 15.30kg when dry. If the soil’s specific gravity is 2.70, find

(i) void ratio

(ii) porosity

(iii) saturated water content
(iv) %/degree of saturation

[e = 0.989; n = 0.497; m,,, = 36.61%;S, = 75%]

Given:
Height,h = 26cm;
Length, [ = 22cm

Width, w = 19.70cm

V = hxlxw = hlw

M = 19.50kg
M, = 15.30kg
G, =2.70
Hints:

pa = M /V

e= (Gspw/pd) -1
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n=e/(1+e)
Mg, = e/Gg

- (M _ MS) 100%
m = MS X 0

S, =mGg/e

Example 74:

An undisturbed sample of clayey soil is found to have a wet weight of 285 N, a
dry weight of 250N, and a total volume of 14x10~3m3. If the specific gravity
of soil solids is 2. 70, determine the water content, void ratio, and the degree of
saturation.

[m = 14%; e = 0.512; S, = 73.83%]

Given:
W = 285N
W, = 250N

V =14x10"3m3

G, = 2.70
y=W/V
Ya = Ws/V
m= (%)— 1
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€= (GSYW/Yd) -1
S, =mGg/e

Example 75:

The total volume of a soil specimen is 80,000 mm®, weighs 150 grams and its
dry weight and the density of the soil solids are 130g and 2680 Kg/m*
.respectively, Find the following:

a) The water content.

b) Void Ratio.

c) Porosity.

d) Degree of saturation.
e) Saturated unit weight.

f) Dry unit weight.

p=M/V
pa = Ms/V
m = (ﬁ) -1
Pa
e = (Gspw/pa) — 1
n=e/(1+e)
S, =mGg/e

Ysat = (Gs + &)y /(1 +e)
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Ya = Pag
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